Mesoc:r)'stalsare 3Dord~rednan~pa~icl~s~perstrlJcture~, often with internal porosity,whkh receive rnuc~r(!Centr~search interest .
Introduction
Mesocrystals are experiencing rapidly increasing attention of chemists and physicists in the last years. In particular for materials chemists, mesocrystals offer unique new opportunities for materials design due to their mesoscopic structure. The notation "mesocrystal" is an abbreviation for a mesoscopically structured crystal, which is an ordered superstructure of crystals with mesoscopic size (1-1000nm), Often, the crystalline subunits are in perfect 3D mutual order resulting in the difficulty to distinguish a mesocrystal from a single crystal as the mesocrystal shows an identical scattering pattern and behavior in polarized light to a single crystal. 111erefore, it is difficult to defme the border between a single and mesocrystalline substance. Practically this can be done by the coherence length in scattering because single crystals usually exhibit coherence lengths > 100 nm while mesocrystals typically have smaller ones. Another possibility to distinguish a mesocrystal from a single crystal is microscope images, which show subunits with mesoscopic size for a mesocrystal. The analytical challenge to correctly identify a 001: 10.1002/adma.200901365 the classical atomjionjmolecule-based mechanism. This includes the oriented aggregation mechanism of nanoparticles toward single crystals pioneered by Penn and Banfield 10 years ago f 4-6 1 or grain growth after grain rotation and coalescence in a polycrystalline materialFI Nonclassical crystallization has been discussed and reviewed in several recent overviews P ,2,8-14 1 and the basic characteristics are known. However, while the mechanism of oriented attachment has been revealed, mesocrystals can form by various mechanisms and consequently, relatively little is yet known about the processes leading to mesocrystal formation, In addition, the number of known mesocrystal systems has much increased spanning from biominerals to functional materials, The fact that mesocrystals are found for biominerals, which are evolutionary highly optimized materials, shows that obviously, nonclassical crystallization is an advantageous crystallization pathway, which is worth to apply for the synthesis of advanced materials with improved properties. Also, mesocrystals were shown to be intermediates between a classical single crystal and a polycrystal without mutual orientation of its subunits and an extended view on crystallization with a continuous structural transition between single and polycrystal arisesYSI Making the building units of a 3D·aligned mesocrystal smaller via clusters to ions will be the transition of a mesocrystal to a single crystal. On the other hand, if the mutual order of the nanocrystals is continuously brought out of crystallographic register until mutual order is lost, the mesocrystal will transform to an unoriented polycrystal (see also 
Mesocrystal Formation Mechanisms
Several different mechanisms were reported for the formation of mesocrystals in the recent years and it is likely, that further mechanisms will follow in the future. With the present knowledge base in the literature, we can think of four basic mechanisms to form a mesocrystal, which are displayed in Figure 1 . Combinations of these mechanisms are also possible.
Nanoparticle Alignment by an Organic Matrix
An obvious mechanism for mesocrystal formation would be to fill compartments with crystalline matter oriented by a structured organic matrix or align nanoparticles along an organic matrix (Fig. la) . The nanoparticles could either be generated first and then attach to the organic matrix and get oriented or they could alternatively directly nucleate on the organic matrix, which could serve as a heterogenous nucleation site. Numerous examples of highly ordered macromolecular structures are especially known for biomacromolecules so that this mechanism can be considered to be especially relevant in biomineralization processes. Indeed, a matrix-mediated nanoparticle growth on a fibrous organic matrix was for instance suggested for the growth of corals.f1 6J A highly oriented matrix which can be used for the purpose of nanoparticle alignment to a mesocrystal is chitin, which is for example found in the organic matrix of nacre. In an elegant work Kato and coworkers demonstrated that a peptide CAP-l from a crayfish with a chitin binding motif, a phosphoserin unit for promoting the initial formation of amorphous CaC0 3 (ACC) and an acidic binding domain for CaCO l led to a mesoClystal film after nucleation of ACC, crystallization and nanoparticle alignment on a film composed of parallel a-chitin microfibrils. [17J Here, calcite nanoparticles were aligned along the chitin fibrils. Alignment along an ordered chitin matrix can even work with less sophisticated molecules compared to CAP-l like simple poly-(acrylic acid) (PAA).f1RJ Here, a modified chitin phenylcarbamate was used to form a nematic liquid crystal. After conversion to a gel film, stretching, cleavage of the carbamoyl groups and drying, a chitin film with the chains elongated parallel to the direction of elongation was formed. Rod-like calcite mesocrystals were formed in a CaC0 3 crystallization essay elongated with the c-axis parallel to the direction of film elongation. It is assumed that P AA molecules bind to the oriented chitin backbone and thus facilitate oriented nucleation and the growth of calcite.
Related to nanoparticle alignment along fibers is the mesocrystal formation in a gel matrix, which can also lead to the orientation of the formed nanocrystallites (e.g., the fluorapatite mesocrystals in a gelatin gel matrix, see Section 5.1.2). It should be noted that gels are also discussed in biomineralization processes such as for example the silk hydrogel in the formation of nacreY 9) Nacre aragonite tablets are known to be mesocrystals. [20)
Ordering by Physical Fields
In the majority of known cases, mesocrystals form nanoparticles in solution, which aggregate and arrange in crystallographic order-even without any additives (Fig. 1b) . This mechanism for mesocrystal formation heavily relies on particle interaction forces as well as on external forces, which have recently been reviewed for the formation of higher order nanoparticle structuresplJ The ordering physical fields/forces like electricp2.23] magnetic, [24J or dipole fields[23] as well as polarization forces have to be anisotropic to allow for an ordering of the nanoparticle units. The nanoparticles in turn also have to be anisotropic with respect to their interaction potentials so that an ordering can take place. Such anisotropy could for example be oppositely charged counter faces of a crystal, a magnetic or dipole moment along one nanooystal axis or differences in the polarizability along different crystallographic directions. The anisotropy could already be present in the nanocrystal itself or be induced by face selective additive adsorption. b) Figure 1 . The four principal possibilities to explain the 3D mutual alignment of nanoparticies to a mesocrystal. a) Alignment of nanoparticies by an oriented organic matrix b) nanoparticle alignment by physical fields or mutual alignment of identical crystal faces. The arrows indicate the mutual alignment by physical fields or the faces. c) Epitaxial growth of a nanoparticie employing a mineral bridge connecting the two nanoparticies and d) nanoparticle alignment by spatial constraints. Upon growth of anisotropic nanoparticies in a constrained environment, the particles will align through· out growth according to the space restrictions as indicated by the open drawn particle in the arrangement of already grown particies in the lower image of (d). Please note that the building units are shown to be monodisperse for the sake of clarity. This is not always the case in real systems. Also, the mutual order is not necessarily that of the shown crystallographic register.
This was demonstrated for oleic acid stabilized maghemite in toluene l30 ] and oleic acid stabilized cobalt nanocrystals in nonane l31 ! by drying a droplet of the dispersion in a magnetic field perpendicular to the substrate. Large area (10 fLm) mesocrystals with more than lOG nanocubes as well as 3D mesocrystals could be produced by this simple procedure PO] In addition, it was found that the strength of the magnetic field as well as the concentration of the nanoparticles in dispersion could determine the aspect ratio of rod shaped mesocrystals. 13 1] This shows that the magnetic field assisted formation of mesocrystals from magnetic nanoparticles is controlled by the relative strength of the interplay of van der Waals interaction, steric repulsion and directional dipolar interactions between the nanoparticles supported by the external magnetic field. It was also demonstrated that the alignment of the nanocrystals in the mesocrystal is clearly advantageous for the physical properties. The cobalt mesocrystal showed a four times higher magnetic coercivity compared to unoriented nanoparticles. 13l ] In an impressive work, Kniep and coworkers could show intrinsic electric field lines around a fluorapatite-gelatin mesocrystal by electron holography pointing out the importance of the organic component, which represents aligned dipoles in this case. 123 ] These dipoles of aligned triple helical protein fibers on the nanometer scale can build up a macroscopic dipole if they are aligned along the mesocrystal c-axis. This showed for tl1e first time the direct correlation between intrinsic electric fields and the self-organized growth of fluoroapatite mesocrystals. Indeed, external electric fields can be used to create 2D and 3D mesocrystals as demonstrated for CdS nanorods l22 ] and for large areas of several square micrometers if monodisperse CdSe/CdS nanorods were usedp5] However, drying of the solution was also used here and it cannot be clearly separated which effect on the alignment is caused by the electric field and which by capillary forces generated by bringing the particles into close proximity by solvent evaporation. Nevertheless, as CdS has a permanent dipole moment, the electric field will have an ordering role. However, this is not fully sufficient to always lead to mesocrystals. For dipolar CdSe, the ordering effect of the electric field was demonstrated but no orientation was observed upon simple drying since the ligands on the nanoparticles can collapse onto the substrate rather than interact with those on another nanoparticle. 12G ] Also ordering to a smectic superstructure by parallel arrangement of Cd Se nanorods was observed. 127 ] In such cases, the interaction forces between the nanoparticles have to be optimized. Russell and coworkers achieved this goal by orienting CdSe nanorods in an electric field and which froze in this orientation upon solvent evaporation by strong, nonfavorable polymer-ligand interactions leading to a 2D mesocrystal after removal of the electric field. 128 ] Even without electric field, ordering is possible if surfactants with three or four alkane chains were used for the stabilization of CdS which facilitate corralling by hydrocarbon interaction. 129 ] Above a critical particle concentration, simple drying led to 2D mesocrystals.
Besides electric fields, magnetic fields can be applied as external force for the orientation of nanocrystals to mesocrystals.
Controlled rotation of a sample in a sh'ong magnetic field with nonconstant velocity can also induce alignment along the magnetization axes for nanoparticles >10-100nm and thus 3D mesocrystal formation as demonstrated for L-alanine, which itself is not magnetic. 132 ] Nanoparticles with dipole or magnetic moments will create local dipole/magnetic fields and can mutually attract each other in crystallographic register. The same is true for anisotropic particle polarization, where particle surfaces with equal polarizability attract each other by directed van der Waals forces. 133 ] This concept requires the nucleation of a large number of nanoparticles of about the same size with the requirement of anisotropy along at least one crystallographic axis. This anisotropy can also be inherent to the crystal system as was observed for the case of amino acid crystals l J.;,35] or might be induced by selective polyelectrolyte adsorption to expose highly charged faces simultaneously with their oppositely charged counterface.l 36 ] Amino acids are an ideal system for the study of mesocrystal formation since simple pH variation can vary the crystallization path between classical and nonclassical crystallization, the supersaturation, and crystallization speed as demonstrated for DL-alanine.l H ] Indeed, very recently, mesocrystals were also observed for the same system by precipitation in water-alcohol systemsPS]
Interparticle Forces
Rapidly formed amorphous precursor structures are important in nonclassical reaction channels. As demonstrated for DL-alanine by conductivity experiments and light scattering, molecular super· saturation releases quite rapidly in the second and sub-second region,134] where the alanine precipitates toward metastable, presumably amorphous nanoparticles, or liquid droplets. These amorphous structures represent the real source of matter throughout crystallization. The number and size of amorphous intermediates is adjusted by their colloidal stability, i.e., there are just as many particles or surface area as the system can support by its composition and stabilizer content. Additional material does not create new particles, but leads to particle growth in accordance to the laMer growth mechanism.[37J The amorphous nanoparticles or liquid precursors then partly crystallize and grow via colloidal aggregation due to crystallization. We assume that this phenomenon holds true for all crystallization processes with high material transfer, but it is especially pronounced for strongly interacting nanocrystals.
In later stages, the conditions determine the fate of the crystallization event, and three different possibilities can be differentiated for the amino acid model case:
(i) When the concentration of amorphous intermediates is high enough and the growth by molecules low, the nucleated structures grow by addition of further colloidal building blocks. For that, the crystalline nucleus attracts a noncrystallized intermediate and restructures it after attachment in an epitaxial fashion.l2,3J Once such a particle crystallizes, the polarization abilities within the structure sum up in a coherent fashion, the Hamaker constant and the related surface energy is increasing, and this crystal nucleus will attract other particles in a directional fashion, mostly in the direction of maximal polarizabilityp3 J For dipolar structures, this is a self-accelerating process, because the larger the dipolar crystal, the stronger its attraction along the tips to attract further colloids. (ii) At higher temperatures and deviating pH values, the molecular solubility is high enough to make classical crystallization via a molecule-by-molecule addition the dominant crystallization channel. The molecular crystallization rate toward crystals is higher than that toward mesocrystals, and single crystals are formed. (iii) Too much undercooling or quenching the system too deep into the thermodynamic instability limits the lifetime of the amino acid mesocrystals. Although lower molecular solubility and a higher number of colloidal precursor particles in principle are even more supportive for a mesostructure process, the forces driving the .recrystallization of the mesocrystal to a single crystal are also higher, thus making the mesocrystals short-living intermediate objects, only. The nanostructures must also possess a low interface tension toward the mother liquor, a mandatory prerequisite for their existence. Higher interface energy leads to high colloidal attraction, rapid flow-out of the separation layer, and crystallographic fusion toward an apparent single crystal.
These considerations show that a temporary stabilization of the nanoparticles is crucial for the nanoparticle orientation to a mesocrystal by interaction forces to maintain that the system is able find the point of minimal energy on its energy landscape. This means that thermal energy has to be able to populate all possible states. Such mutual adjustment is usually enabled in the secondary minimum of the Deryagin-Landau-Verwey-Overbeek (DLVO) potential, where the energy fine structure is of the order of them1al energy kT and the structure is organized, but still liquid.
If the stabilization is too strong, the nanoparticles will repel each other keeping them in solution as stable nanoparticles. On the other hand, if the stabilization is too weak, colliding nanoparticles will stick to each other as their potential is in the primary minimum of the DLVO potential and they cannot change their mutual orientation anymore. A "correction mode" for nanoparticle orientation is therefore important where a feedback loop between nanoparticle orientation and resulting nanoparticle interaction potentials allows finding the energy minimum resulting from the mutual nanoparticle orientation.
One such example for balancing colloidal interactions preserving mobility is that of reverse microemulsions for nanoparticle synthesis. The nanoparticles are synthesized after fusion of micelles containing the reactants and are temporarily stabilized in the organic solvent against immediate single crystal formation or uncontrolled aggregation by the surfactant. Hydrophobic interactions between the surfactant tails occur and can drive the self assembly process of the nanoparticles, minimizing the surface energy of the surfactant phase. An example for the successful application of this mesocrystal formation strategy is the synthesis of CaMo0 4 mesocrystals in a n-octanej cetyltrimethylammonium bromide (CTAB)/n-butanol system[38 J by adjusting the hydrophilic-hydrophobic balance.
Beside physical fields with longer range, there are also forces upon particle contact. Already two identical crystal faces can orient each other when brought in close contact, as was observed in the process of oriented aggregation. [4-6J The principal attractive force between two objects is the van der Waals attraction, which can lead to aggregation of particles. If there is a short range repulsive force like a hydration or surfactant layer, the nanoparticles can still rotate/translate in the aggregate until they come into a position where two identical (or complementary) crystal faces are in register to each other. These faces can mutually fuse as the atomar landscape of these faces is exactly complemented by the other nanoparticle surface. Release of surface hydration water or attached surfactant molecules can yield an additional entropic driving force besides the energy gain through elimination of two high energy surfaces. This would transform the mesocrystal into a single crystal. An alignment of a me so crystal by crystallographic lock in was recently demonstrated for self similar CaC0 3 mesocrystals, which were obtained in presence of an anionic poly(styrene-alt-maleic acid) copolymerP9 J Figure 2 shows the self similar crystals, which are composed from alignment of equally shaped anisotropic nanoparticles in crystallographic register.
The negative copolymer adsorbs on the triangular charged {001} faces and is responsible for their stabilization and expression in the morphology of the primary nanoparticles. The side faces, however, are neutral and no polymer adsorbs on them. If nanoparticles approach each other, they cannot fuse at {001} due to the polymer protection and will therefore align side by side, where the unprotected {011} faces will lead to mutual nanoparticle orientation and crystallographic lock in. However, there are many voids and pores in this self similar structure and the nanoparticle subunits are still clearly recognizable (Fig. 2d, f) . This still shows the mesoscale structure although the nanoparticle building units are crystallographically connected.
Mineral Bridges
Another possibility for the 3D nanoparticle alignment in crystallographic register is the crystallographic connection It is also possible that mineral bridges form after the alignment of the nanoparticles in crystallographic register and act as fixation of the mesQcrystal structure. Local dissolution on a nanoparticle surface can lead to a local supersaturation in the space between two nanoparticles and the nucleation of a mineral bridge. Whether the mineral bridges form before or after the nanoparticle alignment into crystallographic register is still unclear and would require a demanding, time dependent investigation of mineral bridge formation. The fourth possibility for the formation of a mesocrysta1 would be a simple geometric argument as outlined in Figure Id . When crystalline nanoparticles grow and these nanoparticles are not spherical in shape, between the nanoparticles by so-called mineral bridges (Fig. lc) . This concept was first used to explain the mutual c-axis orientation of aragonite tablets in nacre, and some experimental evidence for the mineral bridges could be givenJ40 J An assembly of mineral bridge connected crystals is in fact also a single crystal. Thus, this concept is the most straightforward one among the mesocrysta1 formation mechanisms to explain the mutual crystallographic orientation of the nanocrysta1s.
According to Oaki et al., the formation of a mesocrystal with mineral bridges starts with the formation of nanocrystals. 141 J After polymer adsorption onto the nanoparticle surface, its further growth is quenched. In this stage, mineral bridges can nucleate at the defect sites within the growth inhibition layer on the nanocrystal, and a new nanocrystal is growing on the mineral bridge. Its growth is again quenched by the polymer, new mineral bridges form and the process is sequentially repeated until the me so crystal is built up (Fig. lc) . Such growth scenario is especially relevant for mesocrystal formation within an amorphous precursor phase, which is often observed for biominerals. Although the mineral bridge concept can easily explain the crystallographic orientation of the nanocrystals in a mesocrystal, mineral bridges are very hard to detect with an electron microscope in a microtome thin cut and have to be assumed to be only a few nanometer in diameter. Nevertheless, these bridges could be observed in some casesl41-43j and the regions between the nanocrystals were shown to be stainab1e with a dye. 141J If a mesocrysta1 grows via mineral bridges as proposed above, the kinetics of mesocrystal formation should be rather slow as compared to free crystallization, which disagrees with the fast mesocrystal formation, which is often observed. However, there are certainly also slower mesocrystal growth scenarios as, e.g., in biominerals.
simple entropic arguments (known from the Onsager theory of liquid crystallinity) can explain their alignment in a constrained reaction environment upon particle growth, as shown in Figure Id for tlle open drawn particle. The particles first crystallize into a relatively disordered and loose structure of crystalline nanoparticles. Upon further growth in a confined reaction space, they cross the critical volume fraction to form a lyotropic liquid crystal, and the structures have to align mutually. The higher the volume fraction, the higher is the entropic force driving the order parameter, and the more regular is the packing. This argument for mesocrystal formation just requires the presence of a constrained reaction environment with a constant influx of reactants.
The constrained reaction environment can be a pre-formed cavity (such as a vesicle or gel), but can also be generated by the mutual attraction of first Clystallizing particles to generate a packing for the alignment of further growing nanoparticles as outlined in Figure Id . This mechanism is universal to all crystalline systems as long as the primary nanoparticle building units are sufficiently anisotropic in shape. It is obvious that in this scenario short range repulsive forces are also needed to allow for sufficient fluidity and the ability to re-arrange the nanoparticies in the aggregate so tl!at re-structuring toward the final mesocrystal becomes possible. In this reaction scenario, all intermediate states would however be liquid and consequently rather hard to isolate.
Related to this growth scenario is self similar growth of a mesocrystal where the shape of the nanocrystals defines their oriented packing due to some elementary connection rulesJ44J For instance the construction of the mesocrystal can be provided by geometric packing of the building units, which mutually orient by edge to edge or face to face contacts. The driving force for the geometrical alignment is the minimization of the interface mismatch energy by forming a coherent interface and reducing the exposed surface area while edge sharing is promoted by reduction of the amount of dangling unsaturated bonds along the edge, which have an inherently high chemical energy. Such self similar growth was demonstrated for the spontaneous self assembly of ca. 5 fLm sized octahedral silica crystals on glass surfaces. 145 ] Another example is the formation of2D mesocrystals by drying of a dispersion on a smooth substrate covered with highly oriented pyrolitic graphite, which facilitates very slow drying, necessary to allow nanoparticles to optimize their attachment position onto the growing mesocrystal. 146 ] Here, the hexagonal faceting of the CdS nanorods along the c-axis leads to shape induced ordering into a mescrystal with mismatch of the units of 6°.1 46 ] However, the self-similar alignment mechanism relies on a defined size and shape of the nanoparticle building units and is therefore certainly no common mechanism for mesocrystal formation.
Also, capillary forces can be responsible for nanoparticle alignment as shown in Figure Id when a small space between the nanoparticles forms. Such a capillary, if not mechanically stabilized, tends to close. The two faces of the nanoparticles attract each other, and the liquid film in between rapidly flows out also over larger distances. A nanostructure in random orientation will find in its neighborhood different cleft sizes and therefore different pressures, which all will pull onto the particle thus creating a torque, until all local pressures are balanced. This is usually obtained in the oriented state, i.e., rod-like particles will usually oriented in parallel due to the minimization of capillary forces, but more complicated orientation patterns can be obtained by capillarity, too.
Capillary forces which occur upon drying of droplets containing nanoparticles were identified to be responsible for the rapid annealing toward large and very well organized arrays of magnetite nanocubes in situations as outlined in Figure Id . Small octahedral magnetite crystals were found to arrange into a perfect super lattice driven by capillary forces. I44 ] The magnetic interaction was found to play a minor role in this case, while balancing colloidal forces, here attractive van der Waals forces and repulsive steric interactions, were provided by appropriate choice of stabilizer molecules (which also prevent uncontrolled aggregation). The potential energy can be minimized by contact between the nanoparticles being largest for a face to face contact, thus also making the mutual distance minimal, which is the driving force for the mesocrystal formation. A similar evaporation technique was reported for the formation of mesocrystals from cubic Pt nanoparticles leading to a mesocrystal supedattice. 147 ]
Topotactic Reactions
Once a mesocrystal is formed, it can be transformed to a mesocrystal of another mineral system by topotactic conversion under favorable conditions. The term topotaxy (Greek; "topos" = "space" and "taxis" = "in ordered manner") describes all solid state reactions that lead to a material with crystal orientations, which are correlated with crystal orientations in the initial product. This opens up a new route to chemically different mesocrystals from a mesocrystal precursor structure. One remarkable example is NH 4 TiOF 3 mesocrystals which were prepared in presence of nonionic poly(ethylene oxide) Brij 58 surfactant. 148 .49] Already the preparation of this rnesocrystal species is remarkable, since the surfactant participates in the chemical reaction for the synthesis of NHSiOF 3 with the poly(ethylene oxide) moiety as Lewis base and oxygen donor interacting with metal centers. This produces a viscous amorphous phase with high surfactant concentration. 148 ] Afterwards, in a second stage, aggregation occurs with cooperative reorganization of organic and inorganic compounds building up a larger hybrid particle. In a third step, crystallization occurs and the surfactant may act as a matrix for the oriented crystallization of the mineral nanoparticles and mesocrystal formation since it has affinity to the {OOl} faces ofNH 4 TiOF 3 . It is remarkable that the surfactant fulfills multiple roles in this example and shows, that the basic mechanisms in Figure 1 can be too simplified. Extended stirring was shown to disrupt the mesocrystal formation and to lead to aggregates composed of only small mesocrystal subunits. 149 ] This shows that the self organization of the nanoparticles into crystallographic register is a sensitive process requiring delicate force balance. Temperature variation also allowed for shape control of the primary nanoparticles and the mesocrystals.l 49 ] This shows that transport effects can play a role in the formation of mesocrystals.
These mesocrystals can be converted to anatase TiO z mesocrystals by topotactic conversion by either washing the NH 4 TiOF 3 mesocrystals with aqueous HzBO} or sintering at 450°C in air. For both methods, the surfactant in the NH 4 TiOF 3 mesocrystals was almost completely removed. This is schematically shown in Figure 3 .
TiO z has a greater atom density than NH 4 TiOF 3 in c-direction, while the Ti-atom positions are similar in [001] for both systems. Thus shrinkage occurs on topotactic conversion, while the overall crystal orientation is conserved as shown in Figure 4 . 148 ] This can be attributed to the special structure of a mesocrystal consisting of individual nanoparticles. However, it was not commented why the TiO z nanoparticles are kept apart in the mesocrystal since the surfactant was removed in the conversion reaction. 148 ,49] This is attributed to low surface energies of the TiO z faces resulting in a low driving force for oriented aggregation. This impressive example shows the potential, which topotactic conversions can have. For example, it circumvents problems associated with the conversion of amorphous metal oxide precursor phases to mesostructured materials.
A number of systems are known which can be converted by topotactic transformation and the application range is certainly not restricted to metal oxides. Another elegant example is the topotactic reaction of dicalcium phosphate dihydrate (DCPD) to dicalcium phosphate (DCP) by dehydration and further conversion to hydroxyapatite (HAP) by rapid DCP hydrolysis with NaOH solution. ISO] As already discussed in Section 5.1, a gel can be advantageously applied for the synthesis of mesocrystals because a high supersaturation can be maintained without the rapid mixing of the mineral forming ions. Using this strategy, the precipitation of calcium phosphate in a gelatin gel was found to lead to DCPD with ca. 2% gelatin incorporated in a hydrated layer parallel to the (010) plane. Dehydration of the DCPD to DCP at 60°C in air kept the macroscopic crystal morphology but led to a dramatically different laminated micro~tructure.150] The laminated DCP architecture was found to consist of rectangular Oriented Transformatio~ ,. In the HAP case, the topotactic conversion is successful because the size of the nanocrystals making up the mesocrystal structure in educt and product is similar and the lattice angle of the laminated structure 'remains unchanged. The gelatin inclusions in the hierarchical crystals are important for the formation of the hierarchical mesocrystal structure as a similar HAP structure cannot be obtained when performing the same reaction cycle on commercial DCPD crystals. This remarkable reaction sequence shows that topotactic reactions can be used advantageously to produce hierarchically organized mesocrystal structures by simple chemical reactions. ISO ] Therefore, the described mesocrystal exhibits hierarchical organization. FTIR investigations suggested that the nanocrystals are covered by gelatin and that the hierarchical structure is organic-inorganic in nature.
Gelatin plays a dual role in the structure formation process:
(i) It provides a gel matrix for the formation of gelatin incorporated DCPD precursor crystals. These crystals grow slowly under inclusion of gelatin molecules due to a specific gelatin interaction and rapid mixing of the ions is prevented by the gel matrix. (ii) Gelatin assists and promotes the phase transition ofDCPD to DCP by dehydration at 60°C, and the specific interaction with the {lOO} and {001} DCPD faces restricts the DCP growth during the phase transition. This leads to lattice structures with rectangular units mainly exhibiting {010} faces and the emergence of a hierarchical structure.
mesocrystal with rough surfaces and single crystal scattering behavior. The mutual reorientation of the nanoparticles in close proximity can occur when two equivalent nanocrystal faces re-orient themselves into mutual crystallographic order. The nature of the short range repulsive forces in this example is not yet revealed but they must be temporarily present, as otherwise, crystallographic fusion of the oriented nanoparticles would immediately occur. Simultaneously, the total BrunauerEmmett-Teller (BET) surface area decreases, which also indicates crystallographic fusion of the nanoparticles in the mesocrystal. From these data, three important conclusions can be drawn: In addition to the mineral bridge formation, crystallographic fusion of two adjacent Crystallographic fusion of nanoparticies rather than a dissolution-recrystallization mechanism can be concluded from the final porous nature of the single crystalline domains, which would not occur upon redissolutionreprecipitation in the absence of a porogen.
The whole mesocrystal formation process is schematically shown in Figure 4 . faces can also occur in the same mesocrystal as indicated by the decrease in surface area. This implies that the repulsive force in form of a hydration/additive layer can be too small to prevent the fusion of the mesocrystal primary building units to a single crystalline domain when "flowing out" of the liquid membrane occurs, which is driven by the high capillary pressures. This latter mechanism is in agreement with the fact that mesocrystals are rarely observed, unless strongly surface active additives are applied to permanently fix their primary building units and allow their observation on a larger time scale.
We therefore assume the existence of three different scenarios for the aligned nanoparticles depending on the nanoparticle surface energies:
(i) nanocrystals with high surface energies and interaction potentials will undergo oriented attachment and crystallographic fusion, as the flow out of the liquid separation layers can be quite fast; (ii) for surface energies in the intermediary region or mediumeffective stabilizers, mineral bridges can form and fix the aligned nanoparticles toward a porous hybrid superstructure; or (iii) binding of the surface layer is too strong or immobilized (such as for glassy amorphous surface layers) so that the aligned situation is thermodynamically or kinetically stable. In this case, the nanoparticles stay aligned, but separated and do not form a joint crystalline system.
The above discussion of mesocrystal formation mechanisms based on the so far reported literature examples shows that observation of a mesocrystal, at least as an intermediate, highly relies on a counterplay between long range attractive and short range repulsive forces. A considerable number of forces exists which can be of influence in a mesocrystal formation process and therefore, the so far reported mesocrystal formation mechanisms can largely differ from each other, especially in view of the possible combination of basic mechanisms shown in or if a subsequent topotactical conversion to a chemically different mesocrystal is carried out.
We want to emphasize that the mutual order between nanocrystals in a mesocrystal must not necessarily be that of the crystallographic register as drawn for reasons of simplicity in Figure 1 . As has recently been shown, there exists a continuous transition between a single crystal and a mesocrystal with nanoparticles in mutual 3D crystallographic register and a polycrystal without any mutual orientation of its subunitsp 5 ] For example, Figure 5 shows a microtome thin cut through a BaS04 mesocrystal, which shows nanoparticle orientation splaying outwards just as if they were oriented along field lines. These nanoparticles are not in 3 D crystallographic register but still show mutual order and thus satisfy the definition of a mesocrystal. The scattering pattern of such mesocrystal would show arcs instead of a spot pattern.
Mesocrystals in Bio-and Biomimetic Mineralization
Biominerals are commonly considered to be archetypes for future advanced materials design. Insofar, these complex mineral systems are intensely investigated. An important recent finding is that several Biominerals turned out to be mesocrystals like sea urchin spines, [41,52.53] Oaki et al.[41] and for calcareous sponge spicules by Sethman and Worheide.l 60 ] Due to the complexity of biomineral systems and tlle difficulty to observe structure formation starting on the nanoscale in living systems, not much is known yet about the formation mechanisms of mesocrystals in biominerals. It seems likely that amorphous precursor material is deposited at an early growth stage l54 ] possibly via vesicle carriers. Indeed, amorphous precursor phases were detected in a number ofbiominerals.l 61 ] If this is the case, then it is hard to imagine, how a mesocrystal can form in an amorphous phase by oriented aggregation of nanoparticle subunits via an oriented aggregation process. This process would require nanoparticle mobility and the possibility of error correction in the aggregation process. One solution would be grain rotation of adjacent nanocrystallites, which were nucleated in the amorphous precursor phase. m Another possible solution to this problem is offered by Oaki et al. who suggest that mineral bridges connect the individual nanoparticles (see Section 2).1 41 .52) Although in their original concept, a polymeric mortar is suggested between the nanobricks, this concept could explain the mutual crystallographic alignment of the nanoparticles in mesocrystals and does furthermore not require a number of preformed particles which mutually align into crystallographic register. It is sufficient that one nanoparticle grows in an amorphous precursor phase until it is stopped from growth by occluded macromolecules or other impurities in the amorphous precursor phase as suggested for the example of nacre from the observation of an amorphous surface layer.
[62] However, the exact formation mechanism of a mesocrystal still remains to be explored for biominerals. An organic matrix certainly plays a role as demonstrated for the formation of a calcite mesoClystal film on a chitin matrix in presence of a peptide isolated from a crayfish exoskeletonY 7] Up to now, also not much is known about the possible function ofbiomineral mesocrystal structures although it seems likely that the organic-inorganic mesocrystal structure of a biornineral can improve its mechanical properties. Compared to a single crystal with cleavage planes, which makes it very brittle, the polycrystalline me so crystal structure with soft regions between the singe crystalline nanoparticle building units can make the hybrid material superiour to its constituents. The brittle crystals can add mechanical strength and hardness to the system while the soft polymeric or amorphous phase is deformable and adds elasticity, A very prominent and much investigated example for such material combination is nacre, where aragonite platelets are interspaced with polymeric layers. The 3000-fold fracture toughness of nacre was explained by energy dissipation by the polymeric layers. However, it has been shown, that also the mesocrystal structure of a single aragonite platelet is important for fracture energy dissipation by nanograin rotation. I56 ) An adhesive biopolymer spacing between the crystalline nanograins in the aragonite mesocrystal was suggested to facilitate grain rotation upon mechanical deformation making the aragonite platelets ductile resulting in deformability,l56,63) Such observation makes much sense from the viewpoint that nacre, spines and spicules are protective elements of the organism, which need a very good mechanical performance. However, it cannot be generalized that a mesocrystal structure is generally the way to achieve superiour mechanical performance as the example of an eggshell shows, which the chick must be able to break. Therefore, the reason why a mesocrystal structure is chosen for some biominerals is not yet clear for all organisms.
Very recently, a fascinating mesocrystal architecture was reported for the red coral Corallum Rubrum.
164 ) Mg-calcite fibers were found to be superstructures of aligned subrnicrometer particles and mesocrystalline fibers. However, each of the submicrometer building units itself is composed of aligned 2-5 nm nanoparticles-a mesocrystal. Therefore, this coral exhibits a hierarchical mesocrystal structure, which is a mesocrystal with mesocrystal building units. This first example demonstrates the assembly of hierarchical mesocrystal structures. The precise function of the hierarchical structure, however, is yet unknown.
HAP is another biomineral, which was recently reported to form mesocrystals in tooth enamel-like structures l65 -68j and dentin remineralization l69j suggesting a role of mesocrystals in calcium phosphate biominerals too. The formation of mesocrystals with tooth enamel-like structure and c-axis orientation of their nanoparticle building blocks always involves the initial formation of amorphous calcium phosphate (ACP). This ACP phase was suggested to serve as mortar in a "bricks and mortar" model[65,66j to cement the HAP nanoparticles once they have oriented into crystallographic register by control of biomolecules like amelogenin. Such control molecules for hierarchical assembly can be Figure 6 . Reorganization of HAP nanospheres in the presence of Gly. The previously formed colloidal aggregates were dissociated and the detached nanospheres were aligned into the linear chains A). ACP (white arrows) 8) played the cementing role in the connections of the HAP nanoparticies. At this stage, the HAP nanospheres were not homogeneously oriented since their crystallographic directions were disordered. The evolution was associated with the phase transformation of calcium phosphates, and the newly crystallized HAP domains. The domains align and the nanocrystallites fuse to HAP single crystals (ca. 5 nm in width and 80 nm in length). C) These HAP single crystals serve as the building blocks for secondary assembly induced by Gly resulting in mesocrystals of enamel-like apatite, which were formed by the side-side assembly of the HAP needlelike crystals along their coaxes. Reproduced with permission from [66] . Copyright 2007, American Chemical Society. may be important in the specific apatite/ protein binding. This promotes heterogeneous nucleation or binding of nucleation clusters.lG7.G8j Furthermore, HAP attached amelogenin oligomers will reduce random Brownian motion-driven particle collisions and might promote attraction of such nanoparticle hybrids. Jiggling of nanoparticles in close proximity by Brownian motion may then allow for adjacent particles to rotate and find the low-energy configuration represented by a coherent particle-particle interface as described in the oriented attachment mechanism. [4-6J
The protein ovalbumin was found to be a multifunctional ligand in CaC0 3 crystallization, and a multistep mineralization reaction was revealed applying small angle neutron scattering (SANS)poJ This nicely shows the potential of macromolecules to control inorsimple amino acid molecules like glycin (Gly)16GJ or biomolecules like amelogenin, which can form self assembled structures in aqueous solution by themselves.166-GRJ ACP was found as a layer on a HAP core in 5 nm spheres, which subsequently form polycrystalline colloidal aggregates of ca. 30 nm. IG6J These aggregates deaggregate and reorganize to linear assemblies when dispersed in water containing Gly (Fig. 6a, b) .
The crystallographic directions of the HAP particle cores in the linear ACP assembly are disordered. Upon ACP transformation to HAP, the HAP cores become aligned into crystallographic direction and form HAP single crystals ca. 5 nm wide and 80 nm long. It was argued that the ACP phase might have liquid character allowing for rotation of the HAP particles into crystallographic register. 166J However, such liquid phase, if it exists, can be expected to be viscous slowing such diffusional processes down. Alternatively, ACP could simply dissolve in water and the HAP nanoparticles, which are in very close proximity of ca. 1 nm (Fig. 6b ) then rotate into their crystallographic register. This would require an attractional force like van der Waals attraction and a weak repulsive force, which could be electrical charges. Finally, the HAP nanopartices fuse to form the elongated single crystals, which themselves now serve as building units for the mesocrystals with enamel-like structure, which are observed after 2 months (Fig. 6c ). This assembly could be accelerated to 3 days by amelogenin as modifier.l 6G ) An explanation for the ordered assembly of these nanoparticles was suggested by molecular modeling. The introduction of Gly raised the energy of the HAP (001) face greatly and reduced that of (100) slightly. Thus, HAP (001) faces became unstable in the Gly solutions and the ordered assembly along the c-axis was preferred to minimize the total interfacial energy of the assembly in the solutions.l 66 ] Nancollas and coworkers have looked in more detail on the role of amelogenin in HAP mesocrystal formation in tooth enamellike structures.167.G8J They showed that amelogenin dramatically accelerates the nucleation of HAP by decreasing the induction time in a dose dependent manner, suggesting that in the presence of amelogenin as substrate, the charged COOH-terminal region ganic precipitation reactions. Mesocrystals were proposed as intermediates. However, as the mutual order between the nanoparticles building up the superstructure was not confirmed, it is not clear if these nanocrystal assemblies are mesocrystals in the meaning of their definition in Section 1. As mesocrystals are structural intermediates between single crystals and unoriented polycrystals,f1S) it may be difficult to reveal the mutual order, but nevertheless, this order is a requirement in a mesocrystal.
Mesocrystals from Functional Materials
Mesocrystals from functional materials are highly attractive due to the emergent properties of mesocrystalline materials, such as single crystal-like behavior, high crystallinity, high porosity and inner connection bridged by organic components and/or inorganic nanocrystals. Such property combinations in a single material are unrivalled compared to amorphous, polycrystalline, and single-crystalline materials. The role of mesocrystal structures for the mechanical improvement in biominerals was discussed before (Section 3). However, it is clear that a number of other desirable properties can be obtained with a mesocrystal architecture, which cannot be reached for the same material in amorphous or single crystalline form or as an unordered polycrystalline aggregate. For example, a material, which is catalytically active in its single crystalline phase can be very advantageously used in the form of a mesocrystal. It combines high crystallinity with small particle size, high surface area and high porosity of the mesocrystal as well as good handling since the mesocrystal has a size in the micrometer range. It can therefore be easily separated by conventional filtration or centrifugation. This is clearly advantageous over nanoparticles, which are much more difficult to separate or have potential toxicity problems. This is just one example to outline the new possibilities offered by the mesocrystal architecture toward advanced materials design.
It is therefore not surprising that the last three years have witnessed an emergence of mesocrystalline superstructures being prepared for a wide range of functional materials. While the optimization of synthetic strategies to synthesize mesocrystalline materials has been reported by many groups, increasing effort is invested in the exploration of potential mesocrystal material applications. The progress has in turn led to an increasing understanding of the formation mechanism of mesocrystals. In this section, we survey mesocrystals synthesized from functional materials as diverse as amino acids, sodium ibuprofen, and many inorganic materials, with an emphasis on how the properties of these products can be altered by the mesocrystal architecture. The goal is to enhance performance or achieve new prospects in desired applications as diverse as reaction precursor and intermediate, catalytic, optical, electronic, drug, and drug delivery applications. We begin our survey with metal oxides because the largest number of mesocrystals (zinc oxide, magnetite, cerium oxide, tungsten oxide, and manganese oxide) has been produced for this family of materials. We then turn to mesocrystals from binary metal oxides (bismuth vanadate, bismuth tungstate, lead titanate, strontium titanate, potassium/sodium niobate, and calcium molybdenate) and other inorganic matrials (lanthanide fluoride, copper oxalate, gallium phosphate, cadmium sulfide/ selenide, lead sulfide, and silver). Finally mesocrystals made from organic molecules will be discussed. The potential applications enabled by these mesocrystals will also be briefly introduced.
Metal Oxide-Based Mesocrystals

Zinc Oxide (ZnO)
In terms of wide bandgap (3.37 eVat room temperature) and large exciton energy (60 meV) , ZnO is a promising material for different purposes ranging from electronic, optic, piezoelectric, pyroelectric, photocatalysis, to chemical sensor applications. Also, ZnO has a great potential as a biodegradable and possibly biocompatible material suitable for medical and biological uses. Improved recognition of the role of polymers, surfactants, and ionic liquids (ILs) in crystallization has greatly advanced the popularity of using ZnO nanopartides as building blocks for the fabrication of two and three-dimensional superstructures.
Because of its noncentrosymmetric structural anisotropy, ZnO single crystals normally grow along the [001] direction. One way in which the growth ofZnO crystals along the [001] direction may be suppressed is through the introduction of organic additives as stabilizing agent. The binding affinity of a stabilizing agent varies from one crystal face to another. The preferential adsorption of stabilizing agents on a particular face can thus hinder the growth of this face, thus providing a means for controlling the final shape of a crystal. Although it is well-documented that the introduction of stabilizing agents often leads to twinned crystal platelets or bicrystals with single crystalline structures,I71 J recent studies have shown this is not always the case. The presence of organic additives may also give rise to the formation ofZnO mesocrystals terminated with {001} faces. The high population of polar Zn.(OOl) planes in these products is potentially advantageous for applications in photocatalysis, such as H 2 0 2 synthesis and phenol decomposition. There are two types of organic additives that can contribute to the stabilization of ZnO nanocrystallites and their further aggregation to ZnO mesocrystals with stabilized {001} faces: surfactants and polymers.
For example, ZnO superstructures with sheet, platelet, and ring shapes, which demonstrate characteristics of mesocrystals, have been prepared by using CTAB as template. lnJ Taking advantage of micelle aggregation and phase transformation with temperature change, Lee and cowokers worked out a two-step self-organization process for the formation of these ZnO mesocrystalline superstructures. The key to producing ZnO mesocrystals is the formation of zinc hydroxyl double salt (Zn-HDS) mesocrystals as intermediate. Zn-HDS rnesocrystals are formed by CTAB-modified self-assembly of Zn-HDS nanopartides at room temperature. The SAED pattern taken from a single Zn-HDS sheet shows a single crystal-like diffraction with elongated spots. High-resolution transmission electron microscopy (HRTEM) image indicates that an individual Zn-HDS sheet is composed of hexagonal nanocrystals with a size of about 3 nm. The parallel lattice fringes of all these nanocrystals suggest a three-dimensional aggregation of nanopatides aligned along the same crystallographic orientation with a slight mismatch, agreeing well with the highly ordered SAED pattern. The space between nanocrystals results in low contrast areas between the lattice-fringe-bearing regions. Notably, the decomposition temperature of Zn-HDS decreases to 50 from 130 QC of the bulk counterpart obtained without CTAB. CTAB plays a multiple role in the process, induding widening the interlayer spacing ofZn-HDS, introducing defects and therefore resulting in decomposition at a significantly lower temperature, and acting as a soft template to mediate the transformation of Zn-HDS to ZnO. Zn·HDS undergoes a transformation of to ZnO hexagonal microsheets at 50 QC. The sheet is composed of hexagonal nanoplatelets sharing one common crystallographic orientation with edge dislocation. The inhibition of crystal growth along the [001] direction due to the adsorption of CTAB was proposed as a possible mechanism for the formation of sheet-like ZnO mesocrystals. When the reaction temperature was increased to 100 QC, ZnO mesocrystals with hexagonal platelet and ring morphologies were obtained. The platelet is composed of aligned ellipsoidal ZnO partides in a width of about 40 nm and a height about 80 nm. The nanopartides share one common crystallographic orientation but retain free space between each other.
The organic additive can also be a functionalized polymer. Xu and coworkers prepared ZnO mesocrystal nanodisks in the presence of carboxyl modified polyacrylamide (PAM)-COOHP3 J In an individual disk, there are two parts stacking to each other back-to-back. Scanning electron microscopy (SEM), SAED, and transmission electron microscopy (rEM) investigations indicate that each part consists of nanopartide building blocks, demonstrating typical characteristics of mesocrystals. It is assumed that every disk is composed of dense polymer stabilized primary nanocrystals with the highest density of defects and the highest amount of ocduded polymer at the center of the disk. Therefore, the central part of each disk has the largest tendency to dissolve.
More recently, Mo et al. prepared ZnO hollow microtubes by using poly[(acrylic acid)-co-(maleic acid)] sodium salt (PAMS) as template moleculeP4J HRTEM investigation indicated that nanoplates growing along the [001] direction assemble layerby-layer and form an individual tube. Embedded nanoplates between other nanoplates imply the existence of many interstices in the microtubes. SAED pattern studies discovered a single crystal-like diffraction for individual tubes. It has been suggested that thermolysis of a zinc citrate-ethylenediamine complex and hydrothermal oxidation of zinc foil may produce nascent ZnO nanoclusters. ZnO nanoclusters and PAMS then spontaneously assemble into composite nanoclusters, which could further coagulate to multimers in order to minimize the total surface energy. Subsequently, mesocrystalline microtubes would be generated from the metastable composite multimer by a) 0.35 Ostwald ripening. In this case, the driving b) 0 Relying on the presence of poly(vinylpyrrolidone) (PVP) in a mixture of N,N-dimethylformamide (DMF) and water, Zeng and coworkers obtained spherical ZnO mesocrystals from Zn(NOlh . 6H 2 0 using a solvothermal method. l7I ) The diameter of the ZnO spheres varied from about 100 nm to several micrometers. Each sphere comprises two hemispheres with the (00-1) plane as a symmetric junction between the upper and lower parts. The ZnO spheres are indeed aggregates of nanocrystallites oriented along the [001] direction and are apparently porous (Fig. 7) . The shape control was ascribed to the templating effect of PVP although the exact role of the polymer is not completely clear. PVP may also deactiviate the primary ZnO nanocrystallites from rapid growth and even coordinate to the Zn 2 ! -rich (001) planes of ZnO crystals by carbonyl groups and thus prevent their further growth. In the process, DMF not only plays a role as reaction medium but also may produce NHz-(CH1h + by hydrolysis under solvothermal conditions. The positive ions could further stabilize the (00-1) planes of ZnO crystals during nucleation and twining. Interestingly, a charge-transfer from the organic phase to the inorganic phase happens as revealed by X-ray photoelectron spectroscopy (XPS) and Fourier transform infrared spectroscopy (FTIR) measurements. The new donor energy levels created by the charge-transfer below the conduction band allows the absorption of smaller energy photons, leading to red shift of UV-absorption upon the presence of PVP in ZnOjPVP spheres (Fig. 7a) .
The composite can be used as an n-type modifier doped ZnO mesocrystal. In addition, the porous structure of the composite makes it promising as a material in engineering ordered hexagonal closed-packing structures of spheres for photonic purposes. Composite thin films can further be made through self-assembly of these freestanding spheres by simple coating with the as-prepared suspensions. Additional modification is possible through removal of the PVP phase via thermal treatment and introducing new components to the interior spaces or exterior surfaces.
In addition to organic additives, the mesocrystalline assembly of ZnO nanocrystallites can further be facilitated through the selection of the reaction medium. IL, ethanol, and acetonitrile can all serve as the reaction medium to enable the mesoscale aggregation of nanocrystallites. Among the three options, ILs represents a unique reaction medium as it exhibits liquid crystal-like properties with ordered domains separated by internal interfaces. For example, an IL can serve as precursor, as reaction medium, and simultaneously as the template for the final product when components of the IL are appropriately chosen. Recently, Taubert and coworkers reported the preparation of ZnO mesocrystals by using IL as solvent-reactant-template. 1751 Their work extends the role ofIL in crystallization for the first time £i·om morphology tuning to structural engineering combined with improvements in properties. As demonstrated in this case, hollow ZnO mesocrystals were produced in tetrabutylammonium hydroxide (TBAH) through the precipitation and aggregation of ZnO nanoparticles on the wall of the glass vessel under refllLx at 100 QC. TEM and the single crystallike SAED pattern of an individual crystal indicate that it is an ordered aggregate of a few single nanocrystals with a diameter of 10 to 50nm. Similar to electric fields driving the growth of calcite mesocrystals in the presence of poly(styrene sulfonate) (PSS)136 I and fluoroapatite mesocrystals in gelatin matrices,l23. 76 1 the intrinsic electric fields of the polar ZnO lattice is speculated to drive the assembly of primary nanoparticles to form ZnO mesocrystals in this case. Pores and channels in the crystals are observed with diameters of 3 to 10nm. Compared to the commercial ZnO powder, ZnO mesocrystals grown in ILs possess a larger surface area of 34 m 2 g ~~ 1. Amazingly, only green emission photoluminescence (PL) can be detected for an individual mesocrystal with size smaller than 5 f.l.m under an excitation wavelength of 325 nm with a HeCd laser at room temperature (Fig. 8) . The broad band appeared at around 2.2 eV (4 = 560 nm). No band-edge emission in the near UVaround 3.3 eV (around 380nm) can be observed from the PL spectrum measured for the mesocrystal. Decreasing the measurement temperature to 3.5 K can yield an emission band centered at 2.2 eV with an increased intensity and much smaller peak width. It is still the only detectable PL of the ZnO mescrystal. No UV emission was observed. In general, the room temperature PL spectra of ZnO materials are characterized by both the UV emission and the green band emission. The green emission has been attributed to a deep-level emission, resulting from the recombination process of a photo-generated hole with an electron occupying the singly ionized oxygen vacancy in ZnO.1771 The stronger the intensity of the green luminescence, the higher density of singly ionized oxygen vacancies is. Unlike the previously reported green emission ZnO nanostructures obtained via low-temperature fabrication processes, the presence of pores and channels in ZnO mesocrystals enables a predominant change in optical properties of the crystals. The hollow morphology and the high density of defects generated by nanocrystalline building blocks during aggregation are anticipated to be useful for catalysis.
Taking the unique combination of slow reaction rates with the stabilizing effect of organic species into consideration, Niederberger and coworkers focused on nonaqueous sol-gel processes in organic solvents and found a method to allow the formation of ZnO mesocrystals specifically without the addition of water. The synthesis was carried out in anhydrous acetonitrile at 100 QC with zinc acetylacetonate as an oxygen-containing precursor. I781 As acetonitrile is an oxygen-free solvent, the acetylacetonate ligand obviously serves as oxygen source by aminolysis for the formation of ZnO. The particle morphology includes spheres and wellfaceted shapes with a size of 15-85 nm. HRTEM investigation of particles demonstrated an internal composite structure with defects and pores formed by fusion of a large number of nanocrystallites. Every particle shows single-crystal like diffracting behavior. Unfortunately, the lack of any functional character- ization of the as-synthesized ZnO mesocrystals makes it impossible to compare their properties with those formed by aqueous methods. An alternative way to gain control over the aggregation of primary ZnO nanocrystallites in a synthetic crystallization process was demonstrated by Chen and coworkers. 179 ] Rather than using organic addives or IL and acetonitrile, they were able to prepare mesocrystalline ZnO disks from zinc acetate and hexamethylenetetramine by a solution reaction at 70 QC in excess ethanol. TEM studies revealed that the obtained circular disks are aggregates of ~20nm ZnO nanoparticles and mesoporous. The circular disk morphology was ascribed to the integrated effect of the weak polarity of ethanol and the high pressure of ethanol vapor in the sealed flask during reaction. The former may promote the isotropic growth of ZnO, whereas the latter may inhibit it. Strong evidence that the aggregation could agree quite well with the definition of a mesocrystal was demonstrated by uniform crystallographic orientation of adjacent nanoparticles, observable misalignment among adjacent nanoparticles, and single-crystal scattering behavior of individual disks. Sintering the mesocrystalline ZnO disks by calcination at 800 QC then produced hollow ZnO pellets with interconnection. The pellet is aggregated by ~l00nm grains transformed from primary nanocrystals through melting and recrystallization. Capillary effects, which are produced due to the mesoporous structure of ZnO disks, play an important role in the formation of holes in the sintered pellets. As mesocrystalline ZnO disks and porous ceramics possess relatively high surface area, they hold promise in sensor and catalysis applications.
Tungsten Oxide
In line with the effectiveness demonstrated by nonaqueous sol-gel processes in the formation of ZnO mesocrystals, WO} mesocrystalline nanoplatelets were synthesized simply by reacting tungsten chloride with benzyl alcohol (BA) at 100°C. [80J The alignment of primary nanocrystallites in the pseudo-single crystalline platelet is nearly perfect. In addition to SAED and HRTEM, Fourier analysis provides more detailed evidence for defects present in the superstructure, such as single dislocations as well as larger zones of misalignments of several planes. Niederberger and coworkers suggested that the formation of the two· dimensional arrangement of the WO} nanoparticles occurs by oriented attachment[4.6j of primary crystallites. However, some of the oriented particles misaligned with respect to each other.
Upon the addition of deferoxamine to the tungsten chloride solution in BA, an organic-inorganic hybrid material with hexagonal mesostructure forms.
[SO] The hybrid material consists of tungsten oxide single-crystalline nanowires grown along the [010] direction with a sheath of benzaldehyde and deferoxamine molecules. The interwire distance increases with reaction temperature, as a consequence of the increase in diameters of the nanowires from about 0.9 nm at 100 QC to 1.3 nm at 175°C. Deferoxamine contains three hydroxamic acid groups which favor the formation of polynuclear complexes with the molar excess of tungsten relative to deferoxamine. It was assumed that the assembly of nanowires into mesostructures is driven by van der Waals interactions and the potential amide-amide interactions given by the deferoxamine molecules. The coordination of a large number of benzaldehyde molecules to Lewis acid sites on the tungsten oxide nanowire surface provides an additional factor for the stabilization of the overall structure by lowering the surface energy.
In addition to providing oxygen responsible for the formation ofW0 3 through reduction to benzaldehyde, BA can also serve as a coordinating reaction medium as monodentate ligand. The combination of coordinating and solvent effects allows opportunities for an elegant control over W0 3 crystal growth in the nonaqueous sol-gel process solely by the complexation of BA solvent with additional ligands or changing the precursor. For example, upon the addition of 4-tert-butylcatechol in small amount, a lamellar organic-inorganic hybrid material with the interlamellar distance of 1.6 nm forms.l 81 ] Instead of platelets formed in pure BA solvent, only nanorods with diameters of 35-40 nm and length ranging from 50 to 800 nm were observed. Similar lamellar nanostructures were observed when pyrocatechol or nordihydroguaiaretic acid was added to BA. Based on their investigation of the ligand effects, Niederberger and coworkers proposed a model for the formation of lamellar nanostructures obtained in the BA-catechol solvents: BA molecules stabilize the exposed planar surfaces and space their assembly, whereas catechol groups bind preferentially on the high surface energy corners and edges of the nanoplatelets due to the strong binding of their bidenate ligands rather than intercalate between the lamellae. Moreover, switching from BA to 4-tert-butylbenzyl alcohol (4-tert-bBA) solvent can induce the self-organization of an organic-inorganic hybrid superstructure on two levels of hierarchy. The hybrid material demonstrates a ribbon-like morphology with diameter of 50 nm to 1 fLm and length up to 10 fLm. However, no lamellar mesostructure but a less ordered mesoscopic structure was observed with an increase in d-value of the first reflection in the XRD pattern from 1.6 to 2.2 nm. The polarization interaction of the crystalline building blocks, which may be stabilized by adsorption of 4-tert-bBA, was suggested as the driving force for the highly ordered assembly of nanoplatelets over a large length scale and the hierarchy of two levels. Following the purpose of fabricating gas-sensor devices, tungsten isopropoxide was also used as precursor instead of tungsten chloride.[82J W0 3 nanowires, which were synthesized from tungsten isopropoxide in BA, have a typical length in the range of 300-1000nm and width between 20 and 100nm. The XRD pattern demonstrates a mesoscopic structure with ad-value of the first reflection at 1.9 nm. The deposited W0 3 nanowire film fabricated by drop-coating and calcination is insensitive to CO in the concentration of I-lOp pm but shows a high signal at a NO z concentration of 50 ppb (Fig. 9) . This behavior was correlated with high surface area, good crystallinity, and porosity of the W0 3 mesocrystals, which provides good accessibility.
Manganese Oxide
Birnessite-type manganese oxide (BMO) nanoflakes have been synthesized in an aqueous solution containing P AA.[S3J TIle flakes are less than 100 nm in width and 10 nm in thickness. Each flake is made up of a mosaic structure of nanocrystals of 2-3 nm in size. To form the layered structure of BMO, sodium ions and/or water molecules intercalate between two-dimensional monolayers of edge-shared Mn06 octahedra. Imai and Oaki suggested that PAA molecules coordinate to manganese species and/or interact with sodium, resulting in the control of crystal structure and morphology of the nanoflakes with mosaic interiors. They further demonstrated the synthesis of cobalt hydroxide nanoflakes with mosaic interiors by the same approach in the presence of poly(ethyleneimine). In the latter case, the formation of mesocrystals depends on self-assembly of primary nanoparticles in a highly organized fashion. However, no isolated nanoparticles as the building blocks were observed in their study. The emergence of mosaic and oriented architecture can be attributed to inhibition and restarting of crystallization with the association of polymers. But the exact reason for the confinement of nanocrystals with a size of 2-3 nm is still unknown.
Cerium Oxide (Ce02)
CeOz is an important component of automobile combustion catalysts for its role in oxygen storage and release. By using oleic acid as stabilizing agent, CeOz nanocubes bound by six {200} planes have been synthesized from Ce(N03h through hydrolysis and oxidation in water/toluene. A bimodal size distribution was found for the nanocubes, especially at high concentration of Ce(N0 3 h. The assembly of regular 2D patterns of nanosized particles with interparticle spacings is accomplished by the size increase in larger nanocubes with increasing the oleic acid/ Ce(N03h molar ratio. For example, cubes as large as SO-100nm in size can be obtained at the ratio of 10, whereas small-sized nanocubes are single crystals with an average size of about 4 nm. The large-sized nanocubes show single-crystalline nature together with the presence of pits, displacements, dislocations, and roughness, as evidenced by HRTEM and SAED investigations. More importantly, {200}-oriented monolayers of ceria nanocubes and even {200}-enclosed nanorods with length direction along [100] can be obtained by evaporating the nanoparticle solution in a mixed solvent of toluene and ethanol. Yang and Gao ascribed the former to 3D nanoparticle arrays and the latter could be due to oriented attachment-based anisotropic growth.
IS4 ] The dipole-dipole interactions from the {200} faces may be the common driving force for the two scenarios. In this case, both the large-sized nanocubes and their 3D assemblies can be regarded as mesocrystals. Because of the dipole moment perpendicular to the {200} family, the {lOO} terminated surfaces of ceria are less stable, but more ever, dispersion of Fe30+ nanocrystals in water is troubled by the superparamagnetic-ferromagnetic transition at a domain size of ~30nm for Fe304'
In order to obtain increased magnetization while retaining the superparamgnetic properties of magnetite nanocrystals, a possible way would be to organize Fe304 nanocrystals as a mesocrystal. By using a high-temperature hydrolysis reaction starting from a mixture of FeCh and PAA in diethylene glycol (DEG), Yin and coworkers developed a short cut to this goal. lR5 ] The as-obtained Fe30., nanoparticles are monodisperse mesocrystals with well-controlled size from ~30 to ~180nm. Each mesocrystal is composed of ca. 6-10 nm nanocrystallites with the same crystal orientation. XRD measurement further evidenced that the primary nanocrystals do not grow significantly with increasing size of the mesocrystals when the rate of hydrolysis was improved with NaOH. A two-stage growth model, in which primary nanocrystals nucleate under supersaturation and then aggregate into mesocrystals, was suggested for the growth of the Fe304 mesocrystals. In this example, PAA plays a dual role. It can first stabilize Fe304 nanocrystals through the coordination between carboxylate groups and iron cations and via the uncoordinated carboxylate groups, PAA makes the crystals highly water-dispersible. Single-crystal like SAED diffraction patterns with slight misalignment were observed for individual mescrystals. Most notably, the mescrystal architecture appears to suppress the undesired superparamagnetic-ferromagnetic transition. As a consequence of this suppression, Fe304 nanocrystal clusters show superparamagnetic behavior at room temperature though their size exceeds 30 nm (Fig. 10) and their magnetization is much stronger than that of single Fe304 nanodots. The superparamagnetic properties, high magnetization, and high water dispersibility make colloidal Fe304 mesocrystals ideal candidates for drug delivery, bioseparation, and magnetic resonance imaging. This example shows impressingly that a mesocrystal architecture can yield physical properties which would be impossible for the given particle size. Similar active than other facets as catalytic reaction sites. In view of the high density of {200} faces, oriented assemblies of CeOz nanocubes should be of significance in diverse applications ranging from catalysis to nanoparticle dopant-incorporated semiconductor devices and phosphors.
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Colloidal Magnetite (FeJ04) Nanocrystal Clusters
The syntheis of water soluble FeP4 nanocrystals with superparamagnetic properties, has been a popular subject of research in recent years due to their biocompatibility and stability under physiological conditions as targeting transporter in biomedical applications. Given their size as small as 10nm, magnetite nanocrystals have a too low magnetization to be separated or controlled by a magnetic field. considerations are certainly applicable to other materials with size dependent properties like quantum dots or metal nanoparticles. (111) directions, leading to the formation of an octapod morphology. Subsequently, the well-defined flower-like mesocrystals form by a further growth of the rods along the [010] direction. Minimization of the total surface energy of disordered primary particles was suggested as the driving force for the self-assembly. Notably, mesocrystals can also exhibit an external morphology of cubic symmetry, formed by rods. This example demonstrates that the crystallization process of a mesocrystal may result in the formation of superstructures with an external morphology not related to the primary crystal structure, even in the absence of any additive. In a separate report, it was demonstrated that single crystalline monoclinic BiV0 4 microtubes, which were synthesized by reflux at 80°C, demonstrate a higher photocatalytic activity than that of monoclinic BiV0 4 synthesized by a high-temperature solid-state reaction. [87] It is reasonable to expect a high catalytic activity of the as-synthesized monoclinic BiV0 4 mesocrystals due to their high surface area and single crystalline building units.
Bismuth Tungstate (Bi 2 WO G )
Like BiV0 4 , BizWO G is also a photcatalyst responsive to visible light. Using a hydrothermal synthesis protocol and PSS as additive, Liu and Yu prepared Bi z WOG flower-like assemblies with two level hierarchy at 180°C. [881 The intermediate obtained after 2h is aggregates of 10nm nanoparticles with a common crystallographic orientation and voids. A 3D assembly obtained after 18 h is constructed by 2D mesocrystallayers with a size in the range of 2-3 f.Lm. An individual layer consists of a large number of packed square-shaped nanoplates with an average side length of 50 nm and a thickness ofless than 20 nm. Individual nanoplates show single crystal features and side-to-side crystallographic fusion of adjacent nanoplates. A bimodal mesoporous structures can be detected. One peak with mesopore size of 4 nm corresponds to the voids within a layer and another peak with mesopore size of 40 nm is understood as the interspace between stacked layers. In this case, PSS may stabilize amorphous nanoparticles grown from the supersaturated solution and further induces their aggregation by surface binding, interparticle bridging, and depletion flocculation. The pendent chains of PSS adsorbed on the particles and the anisotropy of Bi z W0 6 nanoplates could contribute together to the assembly from nanoplates to 2D layers. Yu and coworkers suggested hydrophobic interactions between PSS-absorbed surfaces as the driving force for the layer-by-Iayer stacking of2D layers to 3D structures at the last stage. This explanation is a result of failing to consider the charged character of PSS and charge interaction between PSS-absorbed BizWO G surfaces. In comparison with the absorption of Bi 2 WO G leaf-like product obtained without the addition of any additives, Bi2 WOr, mesocrystalline assemblies demonstrate a 30% enhancement of absorbance (Fig. 11) , which may increase the photocatalytic activity of Bi z WOG' Because of the stronger absorbance, Bi z WOG mesocrystalline assemblies provide extended optical paths for multiple scattering. This example sheds light on the design of semiconductors with improved photo-reactivity and applications depending on the absorbance of photons.
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Calcium Molybdate (CaMo0 4 )
By using a microemulsion-mediated approach and the addition of CTAB, Qian and coworkers synthesized CaM 00. and SrMo0 4 mesocrystals with hollow structure in n·octane/n-butanol/ waterPSI SAED and HRTEM investigations of the flower-like architectures demonstrate me so crystalline characteristics. The 3D mesocrystals are radial with "arms" about 2-3 f.Lm in length. These arms are constructed by nanoparticles with size of about 150-300 nm. In this case, the growth of CaMo0 4 mesocrystals was speculated through a combined process of nucleation, aggregation, and ripening. At the nucleation stage, the microemulsion plays a key role in controlling the reaction rate and avoiding the crystallographic fusion of primary nanoparticles to a single crystal. The interaction of CTAB with the inorganic surface significantly influences shape and size of the primary nanoparticles. As a result, nanoparticles were observed in 1 min. They are regarded as core-shell nanoparticles with an inorganic core and an organic surfactant shell. The hydrophobic interaction between surfactant molecules on the surface of these nanoparticles was suggested as the driving force for the assembly of CaMo0 4 mesocrystals at the aggregation stage. During the process, CTAB is inevitably included in the mesocrystals. Polydispersity and stacking defects of nanoparticles in the self assembled structure are responsible for larger numbers of pores between the nanoparticles. At the third stage, the surfaces of CaMo0 4 mesocrystals turn scabbled owing to Ostwals ripening.
It is worth noting that the synthesized CaMo0 4 and SrMo0 4 me so crystals are thermodynamically metastable. Changes in reaction temperature and reaction time could destroy the thermodynamic balance between individual nanoparticles which is obligate for the aggregation of nanoparticles to form mesocrystals. On the other hand, it was presumed that the interactions between nanoparticles in CaMo0 4 and SrMo0 4 mesocrystals may decrease with an increase in size. For example, at 160 cC and by extending the reaction time from 6 to 24 h, a morphology evolution from CaMo0 4 mesocrystals 3D structures to nanoparticles with truncated octahedral morphology can be observed. A similarly morphology evolution was observed for SrMo0 4 mesocrystals at 160 cC after 16 h. Further characterization by TEM is needed to evidence if the subsequent nanoparticles, which evolve from mesocrystals, are singlecrystals. The optical properties of the CaMo0 4 me so crystals show a strong green emission at 480 nm under excitation at 247 nm. The high crystallinity and complex structures could be of significance in luminescence applications.
Strontium Titanate (SrTi0 3 )
Upon isotopic substitution, an external stress or doping, SrTi0 3 becomes ferroelectric at low temperature. SrTi0 3 mesocrystal particles with cubic morphology have been synthesized by precipitation from an aqueous gel suspension pre-formed by hydrolyzing TiOC] z .l89 j HRTEM and SAED investigations provide strong evidence that the formation of the mesocrystal particles is the result of epitaxial self-assembly of nanocrystals with diameter of 4-5 nm. In each particle, lO4_106 nanocrystals aggregate in a highly oriented fashion, giving rise to the formation of a defective mesocrystalline structure with slight misorientations, dislocations, and pores. Dimples and creases can also be observed at the particle surface. In this case, the growth of the mesocrystal particles by the oriented aggregation of small nanocrystals is a spontaneous process and not induced by additives. Buscaglia and coworkers further demonstrated that the addition of sodium citrate can induce the formation of SrTi0 3 spheres with a narrow size distribution. Compared to SrTiO, cubic mesocrystals, the spheres show a more defective crystal structure. Nevertheless, the single-crystal like SAED pattern and oriented aggregates of primary nanocrystals with diameter of 4-5 nm were still observed as the typical mesocrystal features. SrTi0 3 mesocrystal particles are anticipated to provide a new strategy for the design of ferroelectric materials.
Ferroelectric Lead Titanate (PbTi0 3 )
By hydrothermal treatment of an amorphous PbTi0 3 precursor, a 3-6 J.Lm thick mesocrystallayer with a varying degree of porosity has been grown on PbTi0 3 or SrTi0 3 substrates in the presence of sodium dodecylbenzenesulfonate (SDBS) as surfactant. [90j The lower part of the mesocrystal layer is relatively porous, the middle part more dense, and the surface part consists of nanorods growing along the polar [001] direction. The PbTi0 3 rods with tetragonal phase have a square cross-section of 35-400nm and length up to 5 J.Lm. SEM and TEM studies demonstrate evidence for the construction of PbTi0 3 mesocrystals from smaller rods by loose mutual attachment. Einarsrud and coworkers proposed a two-step-model for the growth of mesocrystal arrays of ferroelectric PbTi0 3 nanorods: an epitaxial layer first forms on the substrate by ion-by-ion growth, followed by the self-assembly of nanocrystals into a mesocrystallayer. The mesocrystallayer can further ripen into arrays of single crystalline nanorods via redissolution-reprecipitation. In this case, the key to control the growth of the in-plane array on substrates, is the similar crystal lattice of PbTi0 3 or SrTi0 3 • For example, when Alz0 3 was used as the substrate, no layers covering the substrate surface were observed due to crystal lattice mismatch. In addition, polycrystalline PbTi0 3 nanorods or nanotubes, which are fabricated on nanoporous alumina or track-etched polycarbonate by a template-assisted method, tend to stick together after the removal of the templates. The main advantages of PbTi0 3 mesocrystals include single crystal properties of the product, no required template, and the elimination of the template-removal step after the fabrication. PbTi0 3 nanorod arrays are expected to be applicable in studies of nanoscale ferroelectricity.
(K, Na)NbO;-based Mesocrystals
(K, Na)Nb0 3 (KNN)-based lead-free ceramics are environmentfriendly piezoelectric materials. They possess a higher Curie temperature and better piezoelectric properties compared to BiTi0 3 .[9Jj Owing to the strong dependence of ferroelectric properties on grain size and compositional aspects for piezoelectric ceramics, grain control is very important for property optimization. Recently, Zhen and Li reported a unique abnormal grain growth (AGG) phenomenon they found both in pure KNN and (Lio.o4Ko.44Naos2)(Nbo.8STao.1S)03 (LKNNT) piezoelectric ceramics.[91j At a relatively low sintering temperature (1060 cC for KNN and 1100 cC for LKNNT), a homogeneous microstructure with grain size of 100 nm-1 J.Lm was observed. When the sintering temperature was increased only by a range of 10--20 cC, a small part of the grains grew up to 2-3 J.Lm in size due to grain corasening, while most grains retained their original shapes and sizes. Then, when the sintering temperature was increased to noo cC for KNN and 1120 cC for LKNNT, coarse grains with sizes larger than 10 J.Lm appeared. The core region of the structure is composed of highly parallel nanosized subgrains, whereas the shell region consists oflarger subgrains in a similar self-assembled fashion. The whole coarse grains behave like a single crystal with small misorientation. The formation of coarse grains with a core-shell structure in KNN-based ceramics is different from the core-shell grain structure in BaTiO,-based ceramics,[92-94 j which results from the concentration gradients of additives. A transformation of the nano-building-block to a typical core-shell grain structure similar to mesocrystal formation via self-assembly was observed both in pure KNN and LKNNT systems. A liquid phase, which was found· at high temperature (21100 °C)-sintered KNN system due to the volatilization of alkali metal oxides, was suggested to serve as surfactant during the process. The liquid phase could contribute to sintering by accelerating particle redistribution because of the enhanced mobility and improving the final sample density by capillary forces. As the sintering temperature was increased t01080 °C for KNN and 111O°C for LKNNT, due to the liquid phase-mediated interactions, the formation of self-assembled aggregation clusters of nanosized grains was observed. However, only a further 10-20°C increase in sintering temperature can induce a grain growth transformation. As a result of the classical grain growth, self:assembled aggregation clusters of nanosized grains finally turned to core-shell structures observed in both systems. Following the occurrence of the unique AGG with the formation of mesocrystals with a core-shell structure, KNN systems show the highest densities and the highest dielectric constants along with the lowest dielectric losses compared to counterparts sintered at relatively low temperature. But their piezoelectric coefficient d 33 decreases. A further study on the relationship between their piezoelectric properties and mesocrystal intermediates will be of interest to improve the properties oflead-free piezoelectric ceramic materials by structural control.
Mesocrystals of Other Functional Inorganic Materials
Cerium Fluoride (CeF3)
Lanthanide (Ln) fluoride attracted much attention because of its higher luminescence quantum efficiency compared to oxides. Very recently, Li and coworkers synthesized LnF3 and Ln-doped LnF, nanocrystals by an IL-based "all-in-one" route. ILs applied in the study include 1-octyl-3-methylimidazolium hexafluorophosphate (OmimPF 6 ), 1-octyl-3-methylimidazolium tetrafluoroborate (OmimBF 4 ), and 1-butyl-3-methylimidazolium hexafluorophosphate (BmimPF 6 ).19S] These ILs serve as reaction media, templates as well as fluoride source through hydrolysis with the hydration water molecules of the metal precursors, similar to TBAH in the study of ZnO mesocrystalsF5] The formation of LnF 3 nanocrystals with 3 D structures was suggested as a result of nanoparticle aggregation through a nonclassical crystallization process. Both TEM image and single-crystal like SAED pattern of CeF3 nanocrystals obtained in OmimPF 6 suggested the typical mesocrystal character, even if no mesocrystal structure has been claimed by Li and coworkers in their report. 195 ] However, a proof is still missing to ascertain whether the other LnF 3 also possess mesocrystal character. The effect of doped ions varies with the components. With the addition of Tb H , CeF3 nanodisks transformed to donut-shaped nanostructures with larger size. However doped ions have no effect on the morphology and size of LaF 3 nanocrystals. The uniformity of CeF 3 nanocrystals was also influenced by the anions of the ILs. Contrasted to those synthesized in OmimPF 6 , the uniformity of CeF3 nanocrystals synthesized in OmimBF 4 decreases. Due to the effect of anions, Tb-doped CeF, nanocrystals, which were synthesized in different ILs, show quite different luminescence properties. In contrast to the excitation spectra of Tbh-doped CeF3 nanocrystals synthesized in OmimBF4' that of Tb 3 -f _doped CeF 3 nanocrystals synthesized in OmimBF6 exhibit a red shift. For Tb 3 +-doped CeF 3 nanocrystals prepared in OmimPF 6 , the emission intensity ofTb H is much lower than that of Ce H , opposite to the case of the crystals synthesized in OmimPF 4' These interesting luminescence properties provide new options for redox luminescent switches.
Copper Oxalate
By using hydroxyl-methylpropylcellulose (HPMC) as additive, Bowen and coworkers synthesized copper oxalate mesocrystals. I96 ] They proposed a brick-by-brick model for the formation of mesocrystals by the organization of nanoparticles. The roles of HPMC in the process include face selective adsorption and multiple influences on nucleation, nanocrystal growth, as well as aggregation. In a follow-up report of the systematic study on copper oxalate precipitation at moderate supersaturations, they further put forward a core-shell growth model.l 97 ] A large number of primary nanoparticles can form initially in the supersaturated solution. These particles favor random agglomeration toward a poorly ordered core. On the other hand, subsequent ordered attachment of crystallites at decreasing nanoparticle concentrations leads to the formation of an inner shell with well-aligned nanocrystals with a size of 50-70 nm. S EM and TEM studies support the co-existence of two regimes of aggregation. Particle evolution over 2 weeks demonstrated formation of an outer shell oflarger well-cemented crystallites through ripening. The outer shell eliminates the possibility of the appearance of facets with high surface energy, which can be observed in the earlier stages of growth. The core-shell growth mechanism supplements the initially proposed brick-by-brick model very well. Copper oxalate mesocrystals can be transformed to copper or copper oxides without losing the ordered structure. 198 ]
Gallium Phosphate (GaP0 4 )
As a material developed primarily for the design of high temperature sensors, GaP0 4 is a piezoelectric material of much greater high-temperature frequency stability than quartz sensors. By using a hydrothermal synthesis approach and an amphiphilic triblock copolymer [(EOho6(PObo(EOho6] -OH (F127), as surfactant template, Yang et al. prepared GaP0 4 mesocrystals. [99] The product shows rod morphology. Inter-spaces among nanoparticles are discernable in TEM images, indicating porosity inside the crystals as is typical for mesocrystals. The typical pore size distribution, which was derived from the adsorption branch by Barrett-Joyner-Halenda (BJH) model, ranges from 1.0 to 3.5 nm with a major distribution peak centered at 2.5 nm and an average surface area of 37 m 2 g-l. The product shows ordered structures at the mesoscopic scale. In the small-angle X-ray diffraction spectrum, two diffraction peaks, d lOo (7.35 nm) and duo (4.9nm) of the face centered cubic space group, were attributed to the lowered symmetry of the crystal or different orientations of the mesophase domains. On the other hand, the product exhibits a short-range order at the atomic level as a mixed structure of cubic and orthorhombic phases of GaP0 4 . TEM studies revealed that the rods are assembled by a large number of nanoparticles. The triblock copolymer F127 appears to fulfill a critical templating and structure-directing role in the assembly process. At elevated temperature and concentrations higher than the critical micelle concentration, block copolymer micelles are formed with a hydrophilic (EOho6 corona and hydrophobic (POho core. The interaction between Ga 3 ! ions and the active nucleophilic O-sites of (PO)70 fractions is strong enough to chelate and transport Ga h from the aqueous phase into the hydrophobic core of the micelle as confined environment for the grov,1:h of nanoparticles. It was proposed that the interaction between (EOho6 fractions could be responsible for the creation of inter-spaces among nanoparticles. In addition to the structure-directing effect of F127, pH is another potential factor in determining the porosity, structure, and size of the final mesocrystals. At high pH (> 12.54), rod-shaped GaP0 4 mesocrystals decompose into colloidal nanoparticles. What effect orients the nanoparticles to a mesocrystal is still unknown. The obtained GaP0 4 mesocrystals have the unique advantage of high porosity (pore volume of 60mm 3 g-
. Mter the removal of the organic template by calcination under mild conditions to keep the high surface area, the resulting GaP0 4 may find potential use as a new high-temperature sensor material.
Mesocrystals Formed by CdSjCdSe Nanorods
CdS and CdSe nanorods provide an example to study the effect of shape on ordered assemblies of nanocrystals and their chemical and physical properties for practical applications in terms of the ability to transport charges along the long axis. Manna and coworkers developed a seeded-growth approach for the synthesis of core-shell CdSejCdS nanorods with a high homogeneity in shape.[25 j The approach is flexible and the product morphology can be easily tuned by various parameters, such as the diameter of seeds, reaction temperature, and the ratio between precursors and seeds. The resulting CdSejCdS nanorods can undergo evaporation-mediated self-assembly to form long-range assemblies on substrates or toluene-water interface. For example, when a drop of nanorod solution was deposited on the carbon support film of TEM grids, the formation of mainly lateral alignment and few areas of vertical alignment were observed The Gaussian fits of the data shown by solid green lines give 2.06, 2.07, and 2.09 eV as energy peak position for disordered ensemble, vertical arrays, and lateral arrays, respectively. The PL spectra were normalized with respect to their amplitude and shifted vertically for clarity. The insets show corresponding images of the laser backscattering (SS) and PL intensity of regions consisting of disordered, vertically, and laterally aligned nanorod arrays recorded with the confocal setup, and representative TEM images taken from the respective regions (various regions of self-assembled vertically and laterally aligned nanorods were mapped by inspecting the substrate under low magnification TEM). Large areas of vertically aligned nanorods (with respect to the substrate) were observed that could also be spotted under the confocal microscope. The bright areas in the SS images originate from the nanorod ensembles. Reproduced with permission from [25] . Copyright 2007, American Chemical Society. under TEM. When the process was carried out on the surface of water, larger areas of vertical assembly of nanorods were achieved. This kind of superlattice with oriented alignment can be regarded as mesocrystal formed by the self-assembly of nanocrystals under rapid drying. In addition to substrates or interfaces, an external electric field was also found to have an important influence on the evaporation-mediated self-assembly of core-shell CdSejCdS nanorods[2Sj and CdSe nanorods into mesocrystals.[22 j The core-shell CdSejCdS nanorods are highly fluorescent and exhibit a linearly polarized emission, which was proposed to reach a maximum in the plane perpendicular to the dipole and a minimum in the direction of the nanorod long axis. As a result, regions of vertically oriented rods show almost no linearly polarized emission and a slight red-shift was observed in their PL spetrum with respect to that of areas of disordered alignment (Fig. 12) . PL emission collected from areas of ribbon-like assemblies is much stronger, accompanied by a blue-shift up to 30meV compared to that of areas of disordered alignment.
Although theoretically predicted and experimentally observed, the need for the corralling of ID semiconductor nanostructures without an external direction-controlling force is increasing for use as light-emitting diodes. A monolayer of CdS nanorodbundled polarizer with a thickness in the order of nanometers and area in the order of micrometers could help to meet this demand. In an aim to fabricate arrays of self-bundled CdS, Chou and coworkers considered the possibility of resorting to the direction-controlling effect of a surfactant. Upon capping CdS with tri-n-octylphosphine (TOP) and tetradecylphosphonic acid (TDPA), they obtained 2D self-bundled CdS nanorods with an area as large as 2.0 ~m2p9J TEM studies revealed self-assemblies of CdS nanorods with outer edges of leaning bundles and an inner part of hexagonal packing perpendicular to the substrate. Evaporation-induced corralling of nanorods normal to the substrate, might serve as a nucleation site. Then neighboring nanorods assembled in the same direction. In the self-assembly process, intrinsic properties of CdS, nanorod concentration, and the hydrocarbon chains of the surfactants between adjacent CdS rods play important roles. When hexadecylamine was added to replace a large amount of TOP, only randomly packed bundles were observed. In comparison to the dominant defect emission of CdS nanorods in toluene solution, the bundled arrays exhibit nearly defect free optical emission, implying an enhanced electron transport between nanorods.
Mesocrystals Formed by PbS Nanocrystals
PbS is a semiconductor material with a narrow band gap energy and large exciton Bohr radius (18nm). Yang and coworkers reported the alignment ofPbS truncated octahedron nanocrystals to form a mesocrystal structure by using a CTAB-mediated hydrothermal method. P OOJ PbS nanocrystals have an average diameter of 180 nm and are enclosed by eight {Ill} and six {lOO}. Significantly, the resulting nanocrystals were found to spontaneously aggregate into a mesocrystal structure with orientional ordering by sharing the {lOO} faces and aligning {Ill} faces along the same orientation. Compared to {111}, {lOO} facets have a higher surface energy. As a result, the total surface energy of the single crystal like aggregate is minimized. In this case, dipolar interactions are the most probable reason for the self-assembly process. It was proposed that nanocrystals are driven to attach to the end of the growth patterns when they have the largest dipole moment along the [100J axis. Additionally, CTAB can selectively stabilize {Ill} as a capping agent. The formation of PbS mesocrystals by the self-assembly of nanocrystals provides a supplemental proof of mesocrystal formation mechanisms as proposed in Section 2. It could find potential applications because of their well-defined symmetries. For example, Raman spectra of the patterns show an unusual peak at 190 cm '·1 , corresponding to a Raman shift of the surface phonon mode possibly due to the regular symmetry of the patterns. Under higher laser power, a Raman peak at 966cm,j was clearly observed, indicating that the product is sensitive to laser irradiation and can be photodegradated at much higher power.
Mesocrystals Formed by Ag Nanocubes
Self-assembly of Ag nanoparticles into well-defined structures is of growing interest for surface-enhanced Raman scattering applications,l1OIJ In a recent study, Xia and coworkers demonstrated the self-assembly of Ag nanocubes into controlled structures, by functionalizing their side faces with hydrophobic and hydrophilic self-assembled monolayers (SAMs)y02J When one side of each cube was modified with a hydrophobic, octadecanetlliol (ODT) SAM and all others are modified with a hydrophilic, mercaptohexadecanoic acid (MHA) SAM, dimers are formed from the cubes. When two opposing faces of each cube were functionalized with ODT and the other four faces with MHA, cubes assembled in the form of linear chains. When functionalized in an inverse manner that four sides were modified with ODT and the other two were modified with MHA cubes tended to form 2D sheets with a typical length of 500 nm: These structures are similar to the result obtained by computer simulations for nanocubes with strong face-to-face interactions. When all surfaces of each nanocube were modified by 0 DT, cubes underwent a 3D aggregation and reached a plateau with 10 to 12 nanocubes along the edge. The cubic nature of tlle final structures suggests that a mutual alignment of Ag nanocubes occurred equally in all three dimensions. The 3D aggregates of Ag nanocubes can be regarded as mesocrystals. Compared to the nanocube-assembled Ce02 mesocrystals,!84 J the hydrophobic force-driven self-assembly of Ag nanocube aggregates in this case is more versatile and may be adaptable to other mesocrystal systems.
Mesocrystals Based on Functional Organic Molecules
Classical organic crystals are molecular crystals. Until recently, the mesoscale assembly of ordered nanoparticle aggregates was not anticipated for organic molecules. With a reasonable understanding of the formation mechanisms of the observed inorganic mesocrystals, some pioneering research activities have led to extend research on mesocrystals into the organic realm. These activities demonstrate that mesocrystals can be constructed from nanoscale building blocks consisting organic molecules by mesoscopic assembly. Apart from anisotropic polarizability encoded in the organic crystals, chirality, dipole moment, and hydrophilic-hydrophobic interactions provide additional parameters for the control of the bottom-up assembly of nanoparticles to form organic mesocrystals. Currently, the research on mesocrystals based on functional organic molecules is still in its infancy. Thanks to the intermolecular interactions in organic materials, such as hydrogen bonds, IT-IT stacking, and van der Waals contacts, it can be expected that organic mesocrystals would exhibit optical and electronic properties fundamentally different from those of inorganic mesocrystals.
Alanine Mesocrystals
The first organic mesocrystals were synthesized from DL-alanine supersaturated aqueous solution,S in the presence of a chiral double hydrophilic block copolymer poly(ethylene glycol)-block-poly(ethylene imine)-S-isobutyric acid (PEG4700-PEI1200-SiBAc).p03] SEM and XRD characterization indicated the orientation of nanocrystal platelets within a mesocrystal. Although the selected polymer is able to differentiate D-and L-alanine, the obtained mesocrystal for DL-alanine was found to be the racemate. The formation of DL-alanine mesocrystals was interpreted by the adsorption of charged butyric acid blocks onto the high energy (001) face ofDL-alanine. The resulting inhibition of crystal growth along the c-axis produced platelet-like crystals with a dipole moment along the same direction. Subsequently, platelets stack along the c-axis under dipole-dipole attraction, leading to the formation of mesocrystals. The polar aligned structure makes the system a promising candidate for organic piezoelectricity.
There are several factors, which can be identified to be important for the formation of the alanine mesocrystals. The polar character of the (001) and (00-1) faces (one side amine, one side carboxyl groups) must be taken into consideration for tlle construction of the final superstructure as this creates a dipole moment along the c-axis. Besides, a sufficient supersaturation of alanine in the solution is generally required to create a huge number of initially amorphous and subsequently crystalline nanoparticles as building blocks for the assembly while molecular crystallization is suppressed. 134 ] Opposite to the classical molecular crystallization mechanism dominating at pH values much different from the isoelectric point (IEP), DL-alanine mesocrystals with pores, rough surfaces, and rounded corners were found to form in cases of high supersaturation and low molecular solubility near the IEP.134] Single crystal XRO analysis evidenced the single crystalline feature of the DL-alanine mesocrystals. These mesocrystals, however, are kinetically unstable and tranform to a compact single crystal by crystallographic fusion of the aligned building units 110 +] according to the oriented attachment mechanism.l 6j SANS was able to resolve the transformation from a mesocrystal to a single crystal in a time resolved manner showing for the first time that indeed, mesocrystals can be kinetic intermediates in the formation of a single crystal,l104] unless their fusion is prevented by polymer adsorption (for more details, see Section 6).
Similar to the growth of PEG470o-PEI1200-S-iBAc-mediated DL-alanine mesocrystals,1103] the formation of kinetic ally unstable DL-alanine mesocrystals was understood as a result of alignment of nanoparticles along a specific crystallographic orientation. Given a high concentration of amorphous nanoparticles, once such a particle crystallizes, the nucleated structures grow by the addition of further colloidal building blocks along the c-axis direction. About 10 6 -10 9 primary particles are required to compose one final mesostructured crystal. 13 + j More recently, Medina and Mastai have described racemic DL-alanine mesocrystals with a needlelike hollow morphology from supersaturated solutions in water/isopropyl alcohol. 135J Raman scattering patterns indicate that the (210) face is crystalline and other faces are of poor crystallinity. It was assumed that the isopropanol-induced DL-alanine supersaturated solution may produce a large amount of DL-alanine nanocrystals and amorphous precipitate, both of which then assemble to form mesoscale crystals. Subsequently, amorphous species in the structure could evolve to crystalline phases tl1rough a dissolution-recrystallization process. The model deviates from tl1e previously proposed mechanisms for tl1e formation of DL-alanine mesocrystals. 134 , 1 03J If tl1e formation of the product is subjected to a mesocrystal growth, tl1e alignment of nanoparticles can take place via tl1e inherent dipole moment or due to influences arising from tl1e inherent polarizability of tl1e DL-alanine and tl1e increasing Harnaker constant witl1 tl1e aggregation of nanocrystals and amorphous species. It is of interest to see whetl1er a highly ordered alignment of nanoparticles occurred in this caseY4,103,I04J A further structural investigation of such mesocrystals is needed to back up tl1e suggested schematic.
Sodium Ibuprofen
In contrast to racemic ibuprofen, racemic sodium ibuprofen forms botl1 y-form as well as two polymorphic racemic compounds, a-and ,s-forms. P05j Among tl1e tl1ree crystal forms, y is thermodynamically stable racemic conglomerate_ The otl1er two forms, which are enantiotropically related, are metastable monotropes of y-form. And a is more stable at lower temperatures, whereas ,s is more stable at higher temperatures.
Because of the industrial demand, it is important to understand the crystallization behavior of tl1e chiral salt. Lee and Zhang prepared mesocrystals of racemic (R,S)-(±)-sodium ibuprofen dihydrate from a supersaturated aqueous solution in the presence sodium of dodecyl sulfate (SOS).1106 J As a result of the ordered stacking of platelets, tl1e racemic (R,S)-(±)-sodium ibuprofen dihydrate crystalline platelets grown in the presence of SOS, appeared to be larger and thicker tl1an those obtained without the addition of SOS. The resulting ibuprofen mesocrystals are a mixture of the racemic compounds in a-and ,s-form and tl1e resolved conglomerate in y-form. No SOS was detected in the final product. Birefringence-induced interference colors and tl1e changes in the relative intensity of XRO peaks, suggest that these mesocrystals are highly anisotropic. The side-to-side hydrophobic interaction between tl1e alkane tails of SOS and ibuprofen was proposed to mediate the formation of mesocrystals through the assembly of the nanosized platelets by oriented attachment. It is worth noting that the dissolution rate of ibuprofen mesocrystals is more rapid than that of their single crystalline counterpart prepared by the conventional crystallization metl10d (Fig. 13) . The formation of sodium ibuprofen mesocrystals has provided a new approach for engineering organic crystals and re-designing the dissolution characteristics of pharmaceuticals.
Other Mesocrystal Systems
Gel-Mediated Mesocrystals
Calcite Mesocrystals Formed in Hydrogels
Habit change is a usual event for crystal growth in gel media_ The change is correlated with the diffusion restricted transportation of new bilding units toward tl1e growing surface in the gel medium. In terms of the limited diffusion function, gels provide a simple approach to guiding crystallization to mesocrystals under high supersaturation. Grassmann et al. perfect periodic calcite SAED pattern, whereas the belly region consists of nanodomains in a mosaic arrangement and shows a reduced crystallinity. However, the overall crystallographic orientation of the two areas in the individual particles is identical, in agreement with the single crystal-like X-ray scattering properties of the particles. These observations have hinted at the underlying mesocrystal structure of the calcite-gelatin composite.
o ro Figure 13 . Dissolution profiles of crystals of racemic (R,S)-(±)-sodium ibuprofen dihydrate in water at 37.S°C: a) without milling (inverted triangle = SDS generated mesocrystals, and square = conventional crystals without SDS), and b) with milling (circle = SDS generated mesocrystals, and triangle = conventional crystals without SDS). Reproduced with permission from [106J. Copyright 2008, Springer/Plenum Publishers.
Fluorapatite-Gelatin Mesocrystals
Mimicking the formation of hierarchically structured functional materials such as bone and teeth from apatite and proteins, Kniep and coworkers synthesized fluorapatite nanoaggretoward cubo-octahedral can be induced by modifying the neutral polyacrylamide gels with charged acrylamidopropanesulfonate groupS.IIOS] As to be presented in Section 5.1.2, charged groups of gelatin gels can interact with inorganic crystals, whereas polyacrylamide gels are inert and do not directly affect the crystallization. One question arising from these studies is which factors control changes in the morphology of polyacrylamide gel-generated calcite mesocrystals. As reported by Grassmann, the dense polyacrylamide gels-mediated calcite crystals were assembled from small rhombohedral calcite crystals and appeared as single crystal aggregates. The permeability through a homogeneous gel increases with decreasing crosslinker and polymer content. Subsequently, calcite crystals synthesized in a hydrogel with polymer content of 5% and pore size of 150nm, appeared in the form of calcite cleavage rhomhedra. Relying on a double diffusion set-up, Helbig recently demonstrated that the morphology of crystals has a strong dependence on the polymer content of the hydrogels, in which the crystals growY09] A gel with acrylamide content of 10% and pore size of 30nm can produce calcite pseudo-octahedral mesocrystals. Similar to biogenic calcite crystals with incorporated biomolecules,llIO j calcite single cystals can also be grown with the incorporation of hydrogel networks. Li and Estroffhave described rhombohedral calcite single crystals grown in agarose hydrogels.! 11 1,1 12] There is a presence of agarose gel nanofibers through the crystals. The internal structure of these single crystals is full of pores with size of 60-364nm with an average of 190 ± 82nm. The high porosity suggests that possibility that an individual crystal is an assembly of nanocrystallites connected by mineral bridges, as illustrated in Figure le .
Extending their work on apatite-gelatin nanocomposite structures, Kniep and coworkers more recently investigated the growth of calcite in gelatin gels.[l13 j They dealt with otoconia-like calcite-gelatin composite particles obtained by a double diffusion method in gelatin gel matrices. Associated to the inclusion of gelatin (1.9-2.6 wt %), the particles possess a lower density (2.563 g cm-\ compared to bulk calcite crystals with a density of 2.711 g cm -3. Two different kinds of structures were found in the individual particles, a much denser one in the branch areas and a more porous one in the belly region. The branch area shows a gates with fractal growth in gelatin matrices by a double-diffusion method. The products were identified as organic-inorganic composites with a gelatin content of 2.3%, the same amount as observed in mature tooth enamel. As revealed by TEM investigations, the composite consists of parallely stacked elongated hexagonal-prismatic nanocomposite subunits oriented with their long axes parallel to the [001] direction, thereby giving rise to scattering properties similar to that of single crystals.11l4.115j The mesocrystalline state of this highly controlled nanocomposite superstructure has been ascertained in a previous review paperY,3 j The fractal morphogenesis of this nanocomposite involves the evolution from hexagonal prismatic mesocrystal seeds via dumbbell structures to spheres.
Studies on the effect of ions on morphogenesis further demonstrated that ion impregnation can exert a pre-structuring effect on gelatin matrices and tllUS influence form development. 11l6j Intermediates obtained in a Liesegang band next to the calcium source show fan-like morphology, whereas fractal growth was observed for the intermediates obtained from both the band next to phosphate source and the middle band. Interestingly, fan-like morphologies are straight and hard, whereas fractal morphologies are bent and soft. Moreover, aggregates found in the middle band exhibited a mixture of both archetypes when the supply of calcium ions was faster than that of phosphate ions. On basis of molecular dynamic simulations, it was suggested that the ion impregnation could make the gelatin gels pre-structured prior to the composite formation. According to atomistic computer simulation analysis, phosphate ions can form two to three hydrogen bonds with hydroxyproline side-groups and partially also with amino groups, resulting in heavy bending of the applied (Gly-Pro-Hypln polypeptide model. Ionic binding of calcium ions to the oxygen atoms of the carbonyl groups of the polypeptide backbone and to the side chains of proline and hydroxyproline, could cause only marginal configurational change of the local structure of the protein fibers. Subsequently, the protein fibers of the band next to the calcium source would be stiffened by a large number of calcium ions before the nucleation of apatite starts.
Until recently, the fractal growth mechanism has been predominantly recognized as a splitting procedure that develops directly from the basal planes of the young seed. 11I7 ,118] A recent finding, that the intrinsic pattern of gelatin microfibrils embedded within the periodic matrix of the fluorapatite-gelatin nanocomposite is already present within a young composite seed with its perfect hexagonal-prismatic habit,176J provides an important evidence for the realization of the microfibril pattern with a high level of complexity in mature composite seeds. [23J This would lead to a template situation as schematically presented in Figure la with the additional important feature that the gelatin tripelhelices are dipolar resulting in intrinsic electlical fields. Polar tliplehelices provide nucleation sites for the oriented formation of nano-apatite. It favors the formation of fluorapatitegelatin mesocrystals. By adding up all microscopic dipoles, a macroscopic electlic dipole is formed, thus producing an intrinsic electrical field, which can organize neighboring polar macromolecules to form microfibrils along the direction of the developing electrical field. As a consequence, even the crystallographic orientation of small regions of the mature seed is consistent with periodicity of the nanostructured collective.
Polymer-Mediated CaC0 3 Mesocrystals
Double-Hydrophilic Block Copolymer Mediated Formation of Calcite Mesocrystals
As a versatile class of amphiphilic molecules, double-hydrophilic block copolymers (DBHCs) show a rapidly increasing importance as pigment stabilizers and crystal growth modifiers. [119.1201 This is due to the separation of binding and stabilizing moiety within one molecule and the possibility to design tailor made binding blocks for specific Clystal surfaces. The first demonstration of the continuous structural transition for calcite particles from polycrystalline to mesocrystal to single crystal!1>J showed that using poly(ethylene oxide)-b-poly(4-styrenesulfonate) (PEO nPNaStS 49 ), a diblock copolymer comprising a nonionic PEO block and an anionic block comprising pendent aromatic sulfonate groups, allowed for the versatile growth in a unifying crystallization framework. The principle is DHBC-controlled aggregation of precursor subunits. The mode of aggregation varies with the supersaturation level from a low to a high degree of orientation. Growth of single crystals via classical ion-by-ion growth, mesocrystals resulting from particle-mediated oriented aggregation, and polycrystalline particles yielded by nonoriented aggregation are all possible within the framework. Thermogravimetlic analyses (TGA) of calcite mesocrystals revealed a weight loss of 3.5% below 600°C showing that the extent of copolymer incorporation in the mesocrystals is higher than in single ctystals (2.0wt %) and lower than that in polycrystalline particles (7.5wt %).
Polyglycerol Mediated Formation of Calcite Mesocrystals
Hyperbranched polyglycerols have a high number of functional groups and good water-solubility. In a recent report, You and coworkers synthesized sulfate-based polyglycerols from pentaerythritol and glycidol by anionic ring-opening polymerization.ll2lJ They described that sulfate-based polyglycerols can serve as an effective modifier to control the morphology of calcite mesoctystals. Crystal shapes change with cations present in sulfate-based hyperbranched polyglycerols changing from H+, Na+ to imidazolium. In the presence ofNa, the resulting calcite crystals resemble a rounded Chinese lantern with rough surface with polymer inclusion of a relatively high level, as evidenced by TGA. The pivotal role played by the interaction between polyglycerols and surfaces of calcite primary particles in the process provides a driving force for the assembly. It was assumed that an assembly mechanism similar to calcite mesoctystals mediated by PSS [!5 j is responsible for the morphogenesis. But the characterizations in the report lack the evidence to prove vital information on mutual orientation of nanosized building blocks.
Calcite Mesocrystals from Direct CO 2 Diffusion Method
A mesoscopic assembly process does not occur in an ion-by-ion manner, however, ionic strength and ionic species are still important variables in controlling crystallization to form mesocrystals. In particular for surfactant phases and microemulsion involved crystallization processes, phase equilibria and physical characteristics of the product can strongly depend on ionic species and ionic strength-especially if catanionic lyotropic phases are applied. To avoid influences related to the presence of spectator ions involved in the common CaC0 3 precipitation protocols and to better control the ionic strength and ionic species, a new crystallization setup was designed applying COz vapor diffusion into a Ca(OH)z solution for the crystallization of calcium carbonate.l 122J Compared to other techniques for CaC0 3 crystallization, such as conventional gas diffusion method, Kitano process, double jet technique, double diffusion technique, constant composition method, and thermal or enzymatic decomposition of urea, the method has the advantage of avoiding the interference of ammonium or other extraneous ions, minimizing ionic strength and approaching a pH close to biological conditions at the end of the crystallization reaction. This method turned out to be useful for the growth of calcite mesocrystals. Morphologies of products obtained by using the setup and two polymeric additives agree well with the results obtained previously by the gas-diffusion method.136.lZ31 The direct CO 2 diffusion method allows for further investigation of the driving forces for the oriented aggregation of nanoparticles toward mesocrystals, such as intrinsic electric fields, which are shieded by ions in solution.
Vaterite Mesocrystals
Thermodynamically, vaterite is the least stable phase of the three anhydrous polymorphs of calcium carbonate. However, vaterite can be stabilized by polymeric additives as demonstrated for varite hollow spheres which were found to be stable in aqueous solution even after 1 year.1120J Therefore, even a metastable polymorph should be suitable for the synthesis of mesocrystals. By using a gas-diffusion method and an N-trimethylammonium derivative of hydroxyethyl cellulose as additive, varite mesocrystals with hexagonal morphology could be synthesized.[! 24J Vaterite remained stable in aqueous solution for at least 2 weeks. The mesocrystals are uniform in size with diameters ranging from 5 to 10 J.Lm. Hexagonal nanoparticles with sizes of 30-60 nm and sharp edges were identified as mesocrystal building units. TEM and SAED investigation revealed that each hexagonal plate consists of nanoparticles sharing the same crystallographic orientation and diffracting as a single crystal with the expression of the (001) face. TEM measurements of products obtained at different growth stages further revealed that the vaterite hexagonal plates are formed by aggregation and phase transformation from amorphous nanoparticles. The stabilization and inhibition of the vaterite {001} faces is the consequence of attachment of the positively charged polymer on the negatively charged {001} face. Without polyelectrolyte stabilization, vaterite is unable to expose the high energy {001} faces which are composed of either carbonate or calcium ions in a hexagonal configuration. At low polymer concentration, the mesoscale assembly in three dimensions becomes obvious with the production of mesocrystals by multilayer stacking of small hexagonal plates along the [001] direction. Due to their high inner surface and their usually crystallographically aligned building units, mesocrystals are metastable with respect to their transformation to single crystals by the process of oriented attachment. I 4-6] They can only get stabilized if additives or charge are used on the nanoparticle surfaces. This is possibly the reason why mesocrystals were only discovered rather recently although examples of mesocrystals can already be found in the literature of decades ago. P ] It is an analytical challenge to detect mesocrystals if their nanoparticle building units are not stabilized because the crystallographic fusion of their building units may be a fast process-especially for systems with high lattice energies which provide a high driving force for oriented attachment of the building units. Therefore, the transformation of mesocrystal to single crystal should be especially difficult to observe for inorganic systems without stabilizing molecules. However, for an organic DL-alanine mesocrystal, it was possible to observe the time dependence of this transition by SANS.1 104 1 For the mesocrystal, a Q-3 power law was observed, which is characteristic for aggregates with an inner surface. This power law gradually changed to a Q4 dependence which is characteristic for compact particles. This first time resolved observation of a mesocrystal to single crystal transition is an important proof for the nonclassical crystallization pathway for single crystals via mesocrystal intermediates. It therefore seems likely that many more single crystal systems are formed via a mesocrystal intermediate, which may however be difficult to detect. Indeed, a mesocrystal to single crystal transition could also be observed for dendritic silver l1251 and silver plate crystalsl1261 using time resolved TEM. Xie and coworkers could nicely capture the mesocrystal intermediates in the formation of prussian blue microparticles by a time resolved electron microscopy study as shown in Figure 14 .'1271 Figure 14a shows the forming mesocrystal in which local areas are already oriented in crystallographic register (Fig. 14b) . The final cubic crystals (Fig. 14c) are single crystals as demonstrated by peak narrowing of the wide angle X-ray diffraction peaks (W AXSs) al).d a closer look at the crystal surface (Fig. 14d) shows that the growth defects clearly have a cubic substructure (arrow in Fig. 14d) , demonstrating that the single crystal was assembled from the cubic nanoparticles via a mesocrystal aggregate. In addition, Figure 14c shows some nanoparticle building units resting on the surface of the microcrystal in the front. This example very illustratively demonstrates the nanoparticle assembly process to a mesocrystal and its fusion to a single crystal as drawn in the corresponding schematics,[1 ,21 since in this example the building units are mono disperse. Other systems in which the time resolved mesocrystal to single crystal transition was observed include PbTiO}128 1 or InOOHI 129 1 where the transition to a single crystal is less documented and suggested to occur by dissolution-recrystallization of nanoparticle surfaces and/or .removal of stabilizer molecules,189,1291
Mesocrystals as Intermediates in Single Crystal Formation
Analogy between Mesocrystals and Biopolymer Superstructures
It is remarkable that the structural levels found for biopolymers such as proteins or polysaccharides have similar features as the structural levels found in a mesocrystal. Both structures rely on self organization/structuration processes in a solvent and it is useful to consider analogies. Proteins have i primary sequence with secondary interaction patterns which control the folding up to the tertiary structure. By approriately placed functionalities on the different sites, a quarternary superstructure can be adjusted by interactions between the tertiary structures. In that sense, crystalline nanoparticles with appropriate surface encoding are very similar to the tertiary protein nanostructures, and accordingly, superstructures are found, which rely on the functionality of the tertiary structures. An important lesson from the multilevel structure formation in biopolymers is the coding of the strUctural organization process by chemical functionalities, which is for example the amino acid sequence in proteins. In analogy, rnesocrystal formation can be coded by adsorption of appropriate additives on the surface of the nanoparticle building units.
The primary structure of the protein is its amino acid sequence, which has its analogon in the atoms/ions/molecules building up a crystal. The atom/ion radii define their packing in an atom/ionic crystal and the interaction between molecules the packing in a molecular crystal. The smallest regular unit in such a crystal is the unit cell, which corresponds to the secondary structure in biopolymers (a-helix, ,B-sheet, y-turn). The interaction between several secondary structural elements of biopolymers defines the tertiary structure. In analogy, a number of unit cells build the nanocrystal with potentially unusual shape and interaction pattern, which is the primary building unit in a nonclassical crystallization process. These nanoparticles are often covered with additives in a site selective manner coding the further interaction. Finally, the interaction between several tertiary units of a biopolymer forms the quaternary structure, for instance the fibrils in the collagen example in Figure 15 . The analogy in the nonclassical crystallization scenario is the mesocrystal. with an either self-determined morphology (this is the usual case) or a morphology determined by an external template, which is likely the case for some biominerals. The analogy between these structural levels as displayed in Figure 15 is striking and implies that concepts from polymer chemistry / 
biophysical chemistry are useful to understand mesocrystal formation and other nonclassical crystallization reactions. In addition, the close similarity between the structural cascades from primary to quaternary structures can explain the "bio-Iike" appearance and morphologies of many crystals formed by a nonclassical crystallization pathway. The formation of biopolymer quaternary structures from several different molecules (e.g., the insulin tertiary structure is formed from chain A and B) implies that it should also be possible to form mesocrystals that consist of chemically different nanocrystals. So far, such mesocrystals were not yet reported and it is not known which requirements must be fulfilled by the nanoparticle building units to form such structures.
Conclusion and Outlook
Mesocrystals are ordered nanocrystal assemblies with a huge potential for the synthesis of advanced materials. They combine easy processability due to their typical micrometer size with the favorable properties of their nanoparticle building units and often, the organic-inorganic hybrid material character is the key to the improved properties as is observed in biominerals. Also, mesocrystals can adapt morphologies, which are not encoded in the crystal structure of the crystalline material they are made of. 1130J The fact that Nature applies the mesocrystal structure in at Urea Mesocrystal (Quaternary structure) Urea Nanoparticie (Tertiary structure) Tetragonal unit cell (Secondary structure) Urea Molecule (Primary structure) Figure 15 . The four structural levels in collagen as example for a biopolymer (left) and the corresponding structural levels in a hypothetical urea mesocrystal (right), least some of its highly sophisticated biominerals shows that obviously, such construction principle is advantageous and thus favored by evolution (see Section 3). Indeed, first examples which were outlined in Section 4, show that the materials properties of functional mesocrystals are improved compared to their single crystalline counterparts. This is due to the high crystallinity, high porosity, subunit alignment, and organic/inorganic-inorganic hybrid material character of the mesocrystal, which have relevance for solubility, mechanical, catalytic, optical, electronic, magnetic, and sensing properties to name the most important ones.
It will be a challenge to transfer mesocrystals into applications because currently, their formation processes are often still too poorly understood and the applied highly effective organic additives for their stabilization are usually still too expensive for large scale applications. Nevertheless, exiting materials properties can be expected from mesocrystals, which should be exploitable for the synthesis of advanced materials. One strategy, which can be deduced from biominerals as sea urchin skeletal elements or nacre is the brick and mortar principle. These mesocrystals exhibit improved mechanical properties due to the organization of the organic and inorganic building units in an appropriate manner. If such building principle could be transferred to a material like cement, a tough and fracture resistant hierarchically structured building material could result, which would serve for extraordinarily strong but lightweight constructions.
Current building materials are mainly limited by their compression strength, and a brick building cannot be much higher than 125 m. A similar calculation restricts concrete to about 500 m height, whereas wood-just judged from its mechanical properties and density, would allow a tower to be 1500m high. This shows that a tough and lightweight material with hierarchical organization can improve the future construction possibilities of humankind significantly. The theoretical value of a fully oriented "concrete" mesocrystal might allow for a 15 km high building. It is obvious how such material could change the possibilities of architecture and therefore our daily world since concrete is the most applied material of human kind based on mass.
Other exiting application areas for mesocrystals would be optics or electronics-particularly for metal or semiconductor mesocrystals. Nowadays, these materials are already available as defined nanoparticles but their controlled bottom up assembly to superstructures with defined nanoparticle orientations and spacings will create new electrical and optical properties due to mutual interactions of the nanoparticles within the mesocrystal. The defined self organization of these nanoparticles is not straightforward and a topic of active research (see Section 2.2). Tuning the organic-inorganic structure might result in optical or electrical band gaps, improved capacitors or other electronic devices, which are based on interfaces between conductingnonconducting, semiconducting-conducting or semiconductingnonconducting materials. Mesocrystals offer a potential toolbox for the modular design of such advanced electronic or optical materials once the self organization principles are understood as well as the possible choices of materials and their combinations.
These are just some speculations about the use of existing chemistry to generate materials with new properties due to the synergy of their constituents. The principle is however already omnipresent in nature. Nature's building materials as such do not have extraordinary mechanical properties. In fact, Nature has to apply the materials which are available like the brittle silica glass or the crack endangered CaC0 3 . Nevertheless, the key to the superiour materials properties is the building principle of a composite structure controlled over several length scales which adds the remarkable strength and toughness to biominerals.[131j Humankind has developed much better synthetic materials, and it is an interesting speculation to what height materials may climb up when a perfected starting component is combined with a perfected hierarchical structure. The much improved mechanical properties of a, synthetic nacre mimic based on Alz03 and a ductile chitosan polymer matrix compared to the original biomineral nacre, which is based on the mechanically worse CaC0 3 , already demonstrates what is possible if the biomineral design principle can be adapted to synthetic materials with improved mechanical properties of its constituents.f 132j Such result means that even a biomineral composite structure, which was evolutionary optimized over several hundred million years can be outperformed if the notoriously weak bioceramic components can be replaced by improved synthetic counterparts. Similar principles should apply to mesocrystals.
A mesocrystal architecture may even allow to realize physical properties, which would not exist for their single crystal counterparts. An impressing example is Fe304 mesocrystals, which suppress the undesired superparamagnetic-ferromagnetic transition, happening at room temperature for particles larger than 30nm.[85j Therefore, the mesocrystal retains the desired superparamagnetic behavior at room temperature although its size exceeds 30nm. This combines the desired good magnetization of larger particles for alignment and separation with the superparamagnetism of small nanoparticles, which otherwise would have a too low magnetization. One can imagine that such principles should also apply for mesocrystals of other nanocrystals with size dependent properties like quantum dots or metal nanoparticles. This could lead to micron sized particles, which can be easily handled (separation, fabrication, etc.) but which nevertheless still have the properties of their nanoparticle building units or even improved properties through synergy effects.
It is interesting to note that up to now, the few examples which accessed the properties of mesocrystals, focused on physical properties (mainly mechanical, optical, and magnetic). However, the nanoparticle building units in a mesocrystal also have a chemical functionality. This is obvious for catalytic applications but furthermore, the possibility of toptactic transformations for mesocrystals (see Section 2.6) indicates, that the nanoparticle surfaces in a mesocrystal can be used as reactive surfaces. For example, one could think of catalyzed polymerizations inside a mesocrystal template but also, the surface could be changed by a chemical reaction like the passivation of toxic semiconductor surfaces or reduction of a metal salt to a metal film, There are numerous possibilities one could think of in terms of application of the chemical properties of a mesocrystal. But even if the nanoparticle surfaces cannot directly take part in a chemical reaction, tlle fact that chemical reactions in a confined space can lead to different reaction products can be advantagously employed. In this sense, highly porous mesocrystals like those of CaC0 3 P9,133] which on the first sight have no improved properties could be used as porous and easily removable scaffold providing confined reactors in the range of a few nanometers. Also, the voids between the nanoparticles in a mesocrystal can be used for the immobilization of small organic molecules like dyes but also drugs, suggesting mesocrystals as carrier systems in drug release applications.
If the structure of a mesocrystal made up from a single nanoparticle species can already lead to such improved properties, the improvement would be expected to be even much bigger and the obtainable physical and chemical property range much more diverse, if several nanoparticle species could be combined to a mesocrystal. That such strategy is possible was demonstrated for nearly spherical nanoparticles of a different size, which were combined to a binary superJattice. f134j In this work, the formation of more than 15 binary superlattice structures was demonstrated using a combination of semiconductor, metal, and magnetic nanoparticle building blocks leading to a material with a tunable property combination from those of its constituents like a magnetic semiconductor and so forth. The applied nanoparticles were sterically stabilized but electrical charges determined the stoichiometry of the binary superlattice as well as the nanoparticle size which is in analogy to the formation of crystal lattices from ions. Entropic, van der Waals, steric and dipolar forces stabilize the different binary nanoparticle superlattices. Whether these superlattices are mesocrystals is not known as the mutual nanoparticle orientation was not determined. One could think of mesocrystal formation if for example dipole-dipole interactions lead to nanoparticle orientation in crystallographic register. However, as this is not yet known, we did not treat these fascinating superlattices in this report about mesocrystals. Nevertheless, this progress for colloidal crystals made up of spherical subunits implies what could be possible with nonspherical mesocrystal building blocks, which in addition have direction dependent chemical and physical properties A whole class of new modular materials would become available not only with combinations of nanoparticle constituent properties but in addition the possibility to apply directionally different properties. Such a mesocrystal could for example show a high magnetization in the one direction but a high polarizability in another direction and so forth. If combinations of organic and inorganic nanopartices to a mesocrystal could be realized, the property combinations could even be further enhanced. For example, the high extinction coefficients of organic dyes might be employed in improved dye sensitized solar cells with semiconductors like ZnO, which do not destroy the dyes. The order and tunable inter nanoparticle distance could be beneficial in this respect. Also, the combination of optical properties like fluorescence of organic nanocrystals and nanoparticle properties like magnetism could be beneficial for combined fluorescent, X-ray and tomography tracers, which could be guided by magnetic fields. However, an important requirement for binary superlattices is the availibility of monodisperse nanoparticles with defined size and tunable surfaces. This is so far only' partly realized for nonspherical semiconductors or magnetic nanoparticles and it is not yet clear whether a similar self organization of nonspherical nanoparticles would be possible rather than the self organization of each of the components to an individual mesocrystal.
This leads to a point which is critical for the development of mesocrystal structures for advanced materials. So far, only a few formation mechanisms of mesocrystals are fully revealed. This is mainly an analytical issue as the observation of the whole mesocrystal formation process is truly challenging. One problem is their often only intermediate nature in the formation process of a single crystal (see Section 6). In most cases, the mesocrystal intermediate cannot be directly observed but can only be concluded from the final porous single crystal structure as observed for BaS04[135j or (NH+hPW 12040.[42j A second analytical challenge is the multi step process of mesocrystal formation consisting at least of two elementary steps: (i) nanoparticle nucleation and (ii) mesocrystal assembly. Usually, there are more steps involved like the formation of amorphous precursors, the formation of mineral bridges between the nanoparticles in a mesocrystal or the crystallographic fusion of the crystallographically aligned nanocrystals to single crystalline domains. Therefore analysis of a mesocrystal growth scenario means to face the problem to analyze a time dependent process, which already starts from molecules and ions in solution and usually ends on the micron scale. The relevant particle size range spans 5 decades from 1O-9_10-4 m, which is a challenge for a single analytical technique. However, the situation gets further complicated. According to very recent findings, the precursors to amorphous or crystalline structures are not necessarily critical crystal nuclei as assumed in classical nucleation theory[136 j but can be thermodynamcally stable prenucleation clusters as observed for calcium carbonate,[137.1 38 j -phosphate,[137 j and _oxalateP37j The observation of such prenucleation clusters calls for demanding analytical techniques like cryo_TEM,11 38 j analytical ultracentrifugation,I137.138 j or advanced titration.l J37j Even during the aggregation of clusters to amorphous but solid species, there appear to be liquid intermediates, which can transform to mesocrystals or single crystal-liquid hybrid particles exhibiting a soap film like texture or the typical minimal surfaces ofliquids like the P-surface.P 39j
The corresponding time scales related to mesocrystal formation are even broader spanning from the sub-ms range for primary particle formationl140.14Jj to many hours of structural ripening, as observed for the (NH+hPW12040 example.l 42j This spans at least about 8 decades in time (10. 3 -10 5 s). With this in mind, it becomes clear that a combination of analytical techniques has to be applied, which consists of imaging techniques, kinetic techniques, techniques sensitive to dissolved species and analytical techniques sensitive to the structure of the mesocrystal.
This can be illustrated by the investigation of the growth mechanism of copper oxalate mesocrystal intermediates, which was revealed in an elegant way by a combination of a number analytical techniques for various time and length scalesp7j The particle growth mechanism of this particular crystal with a mesocrystal intermediate can be described in four stages: (i) initial nucleation and growth of primary particles; (ii) rapid aggregation to give a core of randomly oriented primary particles or crystallites; (iii) a period of ordered attachment of crystallites giving an inner shell of well-aligned nanocrystals; (iv) a slow approach toward equilibrium with the solution where highenergy surfaces are eliminated and an outer shell of larger well-cemented crystallites envelopes the first-formed particles. The schematic diagram in Figure 16 shows that in this particular example, a time scale from the ms range up to 2 weeks and a size range from nanocrystals to microcrystals had to be monitored. The applied analytical techniques are shown in Figure 16 for the various stages of mesocrystal growth. In the present example, the results from eight different analytical techniques were combined to learn about the mesocrystal formation process. This example shows, why it is so demanding to reveal how a mescrystal forms. Additionally, the quite considerable variety of already known mesocrystal formation mechanisms (see Section 2) makes it difficult to extract universally valid rules and mechanisms, which can then be theoretically described. However, theoretical description needs a solid basis of experimental observations of mesocrystal formation mechanisms, which is so far not yet completed. On the other hand, the nanoparticles, which are the building units of mesocrystals are at the limit of what can be modeled at the moment by molecular modeling approaches and modeling of mesocrystal formation will call for multi-scale modeling approaches.[142} Therefore, predictions which kind of mesocrystal will form for a given system and certain experimental parameters are not yet possible at the moment.
The analogy of organic polymerization reactions (on the molecular scale) and oriented attachment (on the nanoscale) is an obvious point for nonclassical crystallization structures and was discussed in previous work.[143,144} This analogy however might give a guideline how to progress in the field of mesocrystals, which is also an aggregation-based superstructure formation process. However, mesocrystal formation usually takes place in three dimensions and often, the nanoparticle surfaces are covered with additives, which complicates the theoretical treatment. However, different initiators/nucleators will result in different polymers/assemblies, and controlled/living polymerization reactions will result in monodisperse, uniform structures. The analogs to block copolymers are hetero-crystalline rods or binary core-shell hybrids, which opens access to materials with multifunctionality. It is obvious that principles from polymer physics/chemistry should be adaptable to mesocrystal formation too and possibly, such concepts will help to make mesocrystal formation predictable. However, we are now still very far away from reaching this goal since the experimental data basis on mesocrystal formation mechanisms is still in its infancy.
On the other hand, learning from biology, also opens exciting opportunities and might help to understand the basis for mesocrystal formation. For instance, the "oriented attachment" of a set of spherical proteins to microtubuli is governed by a moleculer cofactor, GTP, the conversion of which controls assembly and dissassembly of the tubes. The mimic of this process might provide us with a tool to couple structure with chemical gradients as one base for artificial motility of colloidal objects, This is just one example as living systems are full of encoded intermolecular organization patterns which are worth to mimic.
Finally, analysis of the mesocrystal formation process in the absence of any biological entity might also demystify the formation ofbiominerals, Many reports in the biomineralization field how specific organisms control their mineral deposition are full of very complicated regulatory circuits, active vesicle structures or highly specific proteins controlling exactly one step in a complicated process chain. Whether this is really the case is doubtful as nature is efficient and will employ the most suitable/ simple solution as evolutionary principle. This would be a spontaneous, physico-chemical reaction cascade rather than a demanding micro management of every step to reach a desired effect. Therefore, physical chemistry appears neglected in this field. On the other hand, mesocrystal formation has a lot in common with known biological structuration processes and one can state that there is certainly a lot of "biology" involved in such nonclassical crystallization processes. This is also found in the related field of the so called biomorphs. These are structures closely resembling morphologies ofbiominerals but are of purely synthetic origin and traditionally made from silica and BaCO 3. Recently, a large part of the underlying mechanism was revealed to be based on a physicochemical principle of pH cycling between two coupled reactions. [145} Insofar, we appear to reveal part by part of a larger picture. Nonclassical crystallization l1 } has many facets, which so far may appear unrelated. However, the common underlying principle is controlled self organization. As this is a common principle in nature, we can further learn from natural organization schemes to take advantage of evolutionary optimization. This will help to transfer mesocrystal structures into the synthetic materials world. Already the existing first examples show that materials with improved properties compared to their single crystal analogues can be expected if they adapt a mesocrystal structure. Controlled engineering of mesocrystals should yield a modular set for materials synthesis with superiour properties. It can be expected that mesocrystals will play an important role in the synthesis of many future advanced materials. The main question is only how fast the synthesis protocols and theoretical descriptions advance. We can hardly await these exiting developments.
